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1.0 SUMMARY 


A piloted simulation study has been made with the objective of advancing 
the development of longitudinal handling qualities criteria for larce suoersonic 
cruise aircraft. This work was conducted on the Flight Simulator for Advanced 
Aircraft (FSAA) located at NASA Ames Research Center. For this study the 
simulator was programmed with the math model representation of the Boeinn 
2707-300PT Supersonic Transport as it existed at termination cf the National 
SST Program. 

Areas of study included high speed cruise maneuvering, landing approach 
for normal and minimum-safe operating conditions, and stall recovery control 
power. The results of these evaluations were primarily based on Dilot ratings. 
Additional analysis capability was developed which consisted of a pilot model 
analysis technique and pilot workload measurement techniques. The pilot model 
results were obtained and utilized successfully for some of the conditions 
evaluated in the lending approach (normal operation) study area. Piiot 
workload was measured by two techniques; by a side task technique, and by a 
computation of the physical work done by the pilot through the control column. 
The side task technique was not successful. The physical measurement was 
useful in analyzing landing approach conditions where major pilot rating 
scatter existed. 

The results of this study are a combination of new criteria and modifica- 
tions of existinq criteria. All pre-existing criteria utilized in the final 
results were those developed during the National SST Program. Other criteria 
were considered but found to be less satisfactory. For high speed cruise and 
l landing approach (normal operation), modifications to the SST Time Response 
- Criteria, which were based on the Shomber-Gertsen Criteria, . re found to 
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adequately define the handling qualities results of this study. Results fror 
the landing approach (minimum-safe) study were found to bo best defined b., t h e 
Pitch Divergence Criterion established during the National SST Program. The 
stall recovery control power study has resulted in a new criterion in terns c f 
nose-down angular acceleration capability. This criterion has not been pre- 
viously established by quantitative test results. 

Continuation of this study is recommended in those areas not covered by 
this study and in those areas where unanswered questions exist. These areas 
are as fol lows: 

o High speed cruise maneuvering with a simulator having substantial 
greater load factor reproduction capability 
o Stall recovery with varying stability levels at stall 

o Landing flare 

o Effect of structural modes 

o Climb, cruise and transonic speed stability 

Future work in the area of handling qualities criteria development should 
utilize a generalized math model that includes nonlinear characteristics, 
speed dependent derivatives to represent the effects due to changes in Mach 
number and airspeed, and structural modes. Also, it would be essential to 
provide the capability to control all of the above and the aerodynamic 
characteristics easily. Such a math model would allow •. more efficient nrograr 
to be conducted. 
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2.0 INTRODUCTION 


This document presents the results of the piloted simulation study conducted 
under NASA contract (NAS2-7966) "Development of Longitudinal Handling Dualities 
Criteria for Large Advanced Supersonic Aircraft." The purpose of this study was 
to improve the data base and handling qualities criteria for large supersonic 
cruise aircraft with highly augmented flight control systems. , 

Research work conducted during the National SST Program has shown that j 

important benefits in aircraft economics will be gained through advancements in j 

flight control system design. These advanced flight control systems character- ; 

istically result in airpla-e '•‘-.'namic response which is not adequately specified j 
by existing handling qualities criteria. Existing military (Reference 1 ) and 
civil (Reference 2) flying qualities criteria were found inadequate to provide 
design guidance for the flight control system development o f the large, low 
design load factor, SST aircraft. An extensive set of criteria was developed 
and documented (Reference 3) during the National SST Program which was based or 
previous work done by NASA and other investigators as well as extensive contrac- 
tor fixed base in-house simulation. 

Generalized criteria are required for flight control system desion Guidance 
for both normal operation and minimum-safe operation. For normal operation, 
these criteria will establish control system design requirements, augmentation 
system requirements, and the requirements for control surface rates and 
authority. Criteria for minimum-safe operation are reouired to establish 
minimum stability levels and key elements in the basic airnlane design such as 
fore and aft limits of longitudinal balance and tail sizing derived from control 

- power requirements. 

0 

« The piloted simulation study covered in this reoort was conducted usino 

; the NASA- Ames moving base simulator designated as the Flight Simulator For 
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Advanced Aircraft (FSAA). Two simulation test periods were utilized, coverin'; 
the periods from May 15 through June 6, 1974, and from September 11 through 
October 25, 1974. During these two periods there were 61.7 hours of piloted 
evaluation time utilized. In addition to piloted evaluation, these periods 
were also used to conduct the necessary checkout work and do the reouired test 
set up and calibration work. 

This study contract covered the time period from January 15, 1974 through 
March 31 , 1975. 
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3.0 STUDY AREAS 


There were four basic study areas investigated during this piloted 

simulation study: J 

1. High Speed Cruise Maneuvering ^ 

2. Landing Approach (normal operation; ! 

3. Landing Approach (minimum-safe operation; 

4. Stall Recovery Control Power j 

These represent the most important problem areas in terms of longitudinal , 

handling qualities criteria identified during the National SST Proqram. Aisc, | 

the selection of the study areas was influenced by the applicability to each , 
study area of the type of evaluations possible, the facility being used, and the j 
availability of evaluation test time. For e/u,pie. these studies did not include; 
evaluation where large sustained load factor was required due to the limited 
vertical stroke built into the notion system o' the FSAA simulator. 

The results of evaluations conducted in eac.r studv area will be discussed 
under separate heading in this report. Criten,, arrived at in each study area 
will be identified in the discussions o* the test results and will be summarized 

in the conclusions. 
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4. C TEST FACILITY 


i The facility used for all evaluation testina was the Flicjht Simulator for 

Advanced Aircraft (FSAA) at NASA- Ames Research Center. This simulator consists 
cf a large cab with two crew stations mounted on a six decree of f reedom motion 
system. A visual system is provided at each pilot station by means of a color 
television system using a terrain modc-1 display. The entire faolitv is 
controlled by a Sigma 8 computer which, in the case o f thv. simulation evaluation 
was programmed with the complete math model represents i or the Doeir u 
2707-300PT Supersonic Transport (Reference 

Two cockpit configurations were used for this evaluation. These confioura- 
tions differed in the attitude display instrument. As shown in Figure 4-1, the 
mechanical attitude display indicator (HZ-6F ) was used iurmc the first Simula tic 
study period and had a pitch attitude display sensitivity .07 inches per 
degree (.18 centimeters per degree). The other configuration presented in 
Figure 4-2 utilized the electronic attitude director indicator (EADI) which was 
developed for the 2707-300PT during the National SST Pr»ran. T ^s was ‘he 
configuration for the second simulation study period, and ha a a normal pitch 
attitude sensitivity of .16 inches per degree (.41 cent meters per degree). 

For high speed cruise evaluations the sensitivity was increased to .30 Inrh per 
degree (.76 certimeters per degree). The mechan' al 'V was used to accomplish 
all of the landing approach (normal operation) evaluati ins except those cases 
evaluated by Pilot “F" . The EADI was utilized for dll >* the other evaluations 
and the details of this display are presented in f inure A-i. 

; A flight path anule display was available to the clot in either cockpit 

o configuration. The display consisted of actual and nottntia, Mi<;ht rath ang<e 
indicators. With the ADI configuration the angles were presented on two 
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LECTRONIC ATTITUDE DIRECTOR 






adjacent vertical scale instruments located to the immediate riqht of the ADI 
(Figure 4-1). With the EADI configuration these angles were displayed directly 
on the EADI display sclope (Figure 4-3). 

The purpose of this flight path angle presentation was to aid the pilot 
in stabilizing the aircraft. When the potential and actual flight path angle 
are the same, the aircraft is neither accelerating nor decelerating. When the 
potential is less than the actual flight path angle the aircraft is decelerating 
and vise versa. With this additional presentation, thrust management, particu- 
larly at high speed, is much improved and does not detract from the primary 
task of longitudinal handling. 

For a more detailed description of the technical aspects of the test 
facility, refer to the section of the Appendix titled "Simu'l «,ti on Facility 
Description" . 

This f acility did prove to be a very useful tool in conducting this type 
of evaluation. Numerous pilot comments were received that favored the moving 
base feature over a fixed base simulator due to the added realism. The added 

! 

realism was especially noticeable when attempting to stabilize the ai rcraft where j 

the small variations in load factor were an aid to the pilot. , 

[ 

i 
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5.0 TEST AMD ANALYSIS TECHNIQUE 


"1 

i 

The objective of this studv was to develop handling qualities n-i tori 
large advanced supersonic aircraft. The criteria were to be developed in terns 
of airplane response characteristics with primary emphasis on the lonqitudinai 
modes of motion. All experimental results were based on the results of piloted j 
simulation evaluation using both Boeing and NASA test pilots. \ 

i 

The basic approach taken was to identifv study areas where criteria 
development was important to future design concepts^ and compatible with a 

I 

piloted evaluation study usinn the FSAA. For each study area critical airplane | 
response parameters were identified based on previous experience gained during * 
the National SST Program and follow-on SST studies. Each parameter was then 
varied in a systematic manner holding all other parameters constant or near 
constant, and piloted evaluations conducted. For some study areas the e f fect 
of control force gradient, atmospheric turbulence, and pitch attitude disnlcr. 
sensitivity were also evaluated as contribution parameters to the handlinn 
qualities criteria. The pilot evaluations of each test condition were done 
while flying the simulator through a specific sequence of tasks which were 
standardized for each study area. The pilots then rated each test, condition 
using the Cooper-Harper ratine scale (Reference b) for the handling cualities 
j rating, and a turbulence rating scale (Reference 6) for the cases in: 

turbulence. The pilot also provided comments to specific Questions which were 
standardized for each study area. In addition to these evaluation ratines and 
comments provided by the pilot, data were obtained consisting of pilot describing 

function measurements, pilot workload measurements , and pilot performance I 

g i 

0 measurements in conducting the tasks. I 

1 ! 

n J 

. The parameters that were varied for the ournose of this evaluatior v.'.l be j 

described in the discussions of the test results coverinn each study a-ea. ' *a tr, j 

* 
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model configurations required to achieve each specific response characteristic j 
were defined during engineering calibration runs prior to the piloted evaluations 
These calibration runs were achieved by measuring the lonqitudinal airplane 
response to either a column step or pulse command while making changes to the 
math model in the following areas: 
o longitudinal SAS gain 

o longitudinal SAS time constants 

| 

o forward loop column prefilter 

o airplane center of gravity j 

o airplane lonqitudinal moment of inertia ! 

o additional tail lift and pitching moment increments 
All evaluations were made using the math model of the Boeing SS” configur- 
ation, the 2707-300P7. The math model representation of this aircraft is 
described in Reference 4. 

i 

i 5.1 PILOT RATING SCALLS , 

Pilot ratings were obtained using the Cooper-Harper ratina scale 'Reference 
| 5) for the basic airplane handling qualities, and a turbulence rating scale 
] (Reference 6) to describe the effect of atmospheric turbulence. 

"he Cooper- Harper rating scale (Figure 5-1) was used by all pilots to 
describe the longitudinal handling qualities immediately after conducting the 
specific pilot tasks which were standardized for each study area. Two lines of 
division were established on this ratinq scale to define normal ooeration and 
minimum-sd'e operation limits. These limits are the same as used durinq tne 

! 

National SSI Program and have been universally accepted. The limiting pilot 
rating -p R) for normal operation tests was established as a ratinn of 3.5. j 

This rating is the dividino line between a ratinn that requires no improvement j 

( PR= 3.0) and one that does warrant improvement (PR=4.0l. Therefore, character- j 
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Figure 5 1. Handling Qualities Rating Scale 
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Utics that, result in a pilot rating of i.6 or better are said to have satis- 
factory handling qualities for normal operation. 

The other dividing line was established in a like manner at 6.5 f or , 

I 

minimum-safe oueration. This is half way between a rating that describes barely | 

i 

I 

adequate performance and tolerable workload (PR=6.0) and one that describes 
inadequate performance and an untolerable workload (PR=7.0). Therefore, a 
characteristic that is rated 6.5 or better is considered acceptable f or mininur- 
safe operation. 

The turbulence rating schedule (Fiqure 5-2) describes the effects atmos- 
pheric turbulence has on handiinq qualities and pilot workload. As in tne case j 

| 

with the Cooper-Harper scale, a boundary has been selected that represents the 
dividing line between acceptable versus unacceptable ratings. This represents 
the dividing line between a rating that describes a configuration where all 
tasks can be performed and one where some tasks cannot be performed. A ratine 
i o f 11 F ‘ 1 or better represents a condition that is acceptable. A rating of o 

I 

or worse represents a condition that is unacceptable. 

i 

1 

5.2 'HOT MATH MODEL 

The purpose for determining the pilot math model was to support the 
understanding and interpretation of the pilot ratinq data as well as advance 
the state-of-the-art in this area. The approach taken was to develop a method 
! whereby the pilot rating trends could be predicted based or the pilot describing 
function alone with additional performance and workload parameters readily 
available from the experimental data. In this way configurations resultine in | 

large pilot rating scatter could be re-evaluated based on the pilot describing ! 

function technique and an indication of the best data fairinq obtained. nis 

* approach was successful to a very limited degree in the landing approach 

T (normal operation) study area and was the only study area where this approach 

* was used. 
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INCREASE OF PILOT 
EFFORT WITH 
TURBULENCE 


NO SIGNIFICANT 


INCREASE 


MORE EFFORT 
REQUIRED 


DETERIORATION OF TAS1 
PERFORMANCE WITH 
TURBULENCE 


NO SIGNIFICANT 
DETERIORATION 


NO SIGNIFICANT 
DETERIORATION 


MINOR 

moderate" 



BEST EFFORTS 
REQUIRED 


MODERATE 

""MAJOR - (BUT EVALUATION 
TASKS CAN STILL BE 
ACCOMPLISHED) 

LARGE” (SOM? TASKS 
CANNOT BE PERFORMED 


UNABLE TO PERFORM TASKS 


FIGURE 5-2 - TURBULENCE EFFECT RATING SCALE 
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Data analysis by this technique requires extensive additional engineerin'; 
effort in both data recording and set up requirements, as well as data reduction i 
and analysis effort. Also, sPecial piloted evaluation runs wit h a different 
but similar pilot task, were required to obtain the necessary data for analysis, j 
This technique was applied only in the landing approach (normal operation) j 

study area. This was dictated by a reduction in available evaluation test time | 

| 

over that originally planned and the need to conduct higher oriority testing. 

A description of this analysis technique is included in the appendix of 
this document, and includes the theory berind the approach, the calculation 
techniques, data handling, and analysis techniques. The correlation between j 
the results of this analysis technique and the pilot rating data will be 

i 

discussed in the appropriate section of the discussion coverina test results o r 
the landing approach {normal operation) study area. 

5.3 WORKLOAD MEASUREMENTS 

The measurement of pilot workload was accomplished by two different 
techniques. One was by the use of a side task for which the performance could 
easily be measured, and the second was bv integrating the work produced by the 
pilot through column deflection over the test run. 

Measuring pilot workload by the use of a side task is accomplished by 
measuring the performance of the pilot in performing the side task. In theory, 
an increase in pilot workload ir performing the primary task, flyirc the 
airplane, will result in a decrease in his performance in accomplishing the side 

! 

task. This should be true if the side task is considered bv the pilot to be j 
only a side task that is to be accomplished on a totally non-interference basis j 
with respect to the primary task. 

The side task selected for this particular study was a light cancelling 
task. Three lights were located in the cockpit, programmed to come on in a 
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random fashion. The pi 1 o t was to turn the lights off when they did come on by 
pressing the light fixture itself. The performance measurement of this task 
was made by averaging the time the lights stayed lit. The longer the time 
duration, the poorer the performance of the side task. 

This approach to a side task was believed representative of a normal side 
task that would occur in an aircraft cockpit which the pilot would need to 
perform during an actual flying situation. Location of the lights was selected 
to support this idea. One light was located directly in front o f the Dilot on 
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on the window sill, and the third was located on the aisle stand innedi ately 
aft of the throttle quadrant which was just at the edge of his peripheral 
vision. These locations covered the full range of visual scan normally 
maintained by the pilot during the piloted tasks being flown. 

This approach to measuring the pilot workload was not successful. Tests 
where the workload was obviously increasing, such as in the case with increased 
turbulence, resulted in a decrease, in some cases, in the average time the 
lights remained lit (Figure 5-3). This was exactly opposite to the expected 
results. The main reason attributed to the failure of this approach was the 
color of the lights used. The lights were amber, which usually denotes a 
significant malfunction in the cockpit. The attention, therefore, given to th* 
side task was higher than desired. With an increase in work load, the pilot 
worked harder to keep the lights off in order to minimize his di stracti ons . 

Plans were implemented to repeat this evaluation of the workload measure- 
ment technique using the side task with different colored lights, such as blue. 
Chances of success with blue lights were believed to be much greater s< p ce it i 1 
a color that the pilot is not trained to look out for and react to. however, 
this was not done due to a shortage of simulation evaluation time ard signer 
priority work that needed to be acconpl i s hed . 


js 
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The second method for measuring pilot workload was to integrate the work 
the pilot does through the control column over the test run. This is represented 
by the following formula: 

COLUMN WORK LOAD = -|-J (F.^ x $ qq] ) dt 

0 

This approach did represent the physical work the pilot was required to 
perform and was used to judge the validity of some of the pilot ratings, 
particularly in areas of large data scatter. This will be pointed out in tn c 
specific portion of the Study Results section where the workload data was 
successfully used to help interpret the pilot rating data. : 

5.4 WIND MODEL ' 

The wind model was based on information contained in Reference 7. A 

summary of the wind model parameters is also contained in the appendix of this i 
report. 

Evaluations with the wind model were conducted for all but the high soeed ; 
cruise evaluations that included the landing approach for normal and minimum- 
safe operation and the stall recovery control power tests. In all cases the 
maximum turbulence level was based on a orobability of exceedence of 10" 3 which 
defines a crosswind velocity of 25 knots (12.86 meters/second) at the reference 
height of 20 feet (6.1 meters). For the landing approach (normal operation) 
study and the stall recovery study, a terrain roughness factor ( i ) of 1.0 was 
used which defines the roughest terrain expected in the vicinity of any airport, j 

I 

With the combination of the wind velocity and roughness factor, the wind model j 
produces a root mean square vertical turbulence component ' C~^ ) value o c | 

approximately 7.0 fps (2.13 meters per second). For the landing approach 
(minimum-safe operation) a terrain roughness factor cf .15 was used which 
represents the normal airport terrain. Justification for using the lower 
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roughness factor was based on the reduced probability of the minimum-safe 
configuration occurring. All probability estimates used in establishing the 
wind model configurations for each study area were obtained from probability 
studies conducted during the National SSI Program. 
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6.0 EXISTING CRITERIA COMPARISON 


The purpose of this study was to develop a handling qualities data base of 
aircraft response characteristics that will improve the data base of design 
criteria for large advanced supersonic aircraft. Emphasis was placed on * ne 
longitudinal axes since this is the area of greatest benefit in terms of 
increased airplane efficiency. 

Comparisons against existing criteria were done where possible in order to 
substantiate, modify or de-emphasize the criteria established by previous 
studies. Where this approach was not appropriate new criteria were established. 
By accompl i shi ng the analysis in this manner the strongest data base for long- 
itudinal handling qualities criteria were believed to result for those areas 
investigated during this study. 

The greatest source of existing longitudinal handling qualities criteria 
for this type of vehicle has been from the National SST Program. During the 
National SST Program the sensitivity of airplane design to criteria variation, 
and hence the need for adequate criteria, was demonstrated. A considerable data 
base was established during that program since existing criteria at that time 
were found to be inadequate for maximum design efficiency of a vehicle of this 
type. The criteria from this data base used for comparison purposes were the 
SST Time Response Criteria for normal operation and the Pitch Divergence- 
Criterion for minimum-safe operation. Other criteria used for comparts. ;n 
purposes consisted of the C* Longitudinal Handling Dualities Criterion and 
applicable criteria r ron the military handling qualities specification, 
MIL-f-8785D. 

The SST Time Response Criteria were obtained from Referenced. Those 
criteria are in the form of time history envelopes in response to a step columr 
input. Pitch rate and normal load factor are the terms used to define these 
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time history envelopes as seen in Tigures 6-1 through 6-3. These envelopes and J 
these criteria are based on the Shomber-fiertsen Criteria. The Shomber-Gertsen 
Cri teria are based on the results of several other studies and is expressed in | 

i 

terms of L and v^/ur^ versus damping ratio ). By expressing the resu.ts 

of the other studies in these terms the results were found to converge intc 

! 

common boundaries as detailed in Reference 8 and presented in Figure 6-4. j 

i 

The problem with using the Shomber-Gertsen Criteria directly is that they 
are based on a simple second order system and direct comparison with higher order , 
systems would be inappropriate. However, such a comparison is possible by I 

comparing the time history response to a common input command such as a column , 

i 

step of the second order system to the higher order system. This was the 
approach taken during the National SST Program in developing the longitudinal ; 
response time history criteria which will be referred to as the SST Time Response 
Criteria in this report. 

| The pilot rating scale used in the Shomber-Gertsen Criteria was the Cooper 

i 

rating scale (Reference 8) presented in Figure 6-5. This rating scale is a 
j simplified version of the present Cooper-Harper rating scale (Reference 5), 

! presented in Figure 5-1. Results obtained with this earlier scale are believed 
I comparable with results obtained using tne later scale. The critical dividiro 
lines are the same. That, is, between the ratings 3 onti 4 the airplane handling 
| qualities change Iron satisfactory (indicating no improvement necessary) to 
unsatisfactory; and between the ratings 6 and 7 the airplane handling qualities 

change *rom acceptable to unacceptable. These are the same critical judgments , 

I 

made during this simulation study. 

The C~ ciiterion was derived by Boeing using flight test results from the 
'i Cornell Aeronautical Laboratories (now known as Calspan! variable stability 

a i re lane and the Boeing Model 367-;.0 variable stability airplane (Reference 9). 

The criterion consists of a term designated C* which is computed using both 

AU7JE/A/G f . \ 
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COOPER RATING SCALE 


CATEGORY 


ADJECTIVE DESCRIPTION 
WITHIN CATEGORY 


ACCEPTABLE 

EXCELLENT 

AND 

GOOD 

SATISFACTORY 

FAIR 

ACCEPTABLE 

FAIR 

BUT 

POOR 

UNSATISFACTORY 

BAD 


BAD 

UNACCEPTABLE 

VERY BAD 


DANGEROUS 


UNFLYABLE 


NUMERICAL 

RATING 



ADDITIONAL DEE I N IT IONS OF UNACCEPTABLE CATEGORY: 

7 BAD - AIRCRAFT CONTROLLABLE, BUT REQUIRES MAJOR PORTION OF PILOT'S 
ATTENTION 

o VERY BAD - AIRCRAFT CONTROLLABLE, BUT ONLY WITH A MINIMUM OF COCKPi 
DUTIES 

9 DANGEROUS - AIRCRAFT JUST CONTROLLABLE WITH COMPLETE ATTENTION 
10 UNFLYABLE 

FIGURE 6-5 
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pitch rate and normal acceleration. The time history of this term in response j 
to a column step input must f i • inside a specified time histor/ response 

envelope for the handling qualities to be acceptable (Fiqure 6-6). i 

i 

Extensive work was done in the area of minimum-safe handling qualities ; 
criteria. The purpose of such criteria is to define the allowable degradation 
of handling qualities (as could result from stability augmentation system 
failures) that would still provide safe handling qualities under emergency 
situations. The primary area of importance for this problem is landino approach, • 
i which was one of the study areas selected for this study contract. The minimir- 

sate criteria established during the National SST Program were based on the rate 

of pitch divergence as the result of a momentary pitch disturbance such as a 
longitudinal uulse input. This same approach was taken during this study, and 
a typical response is presented in Figure 6-7. The divergence rate determined 
acceptable during the National SST Program was a time-to-double pitch amplitude 
of 6.0 seconds. The divergence rate criterion from the National SST Program was 
; based on the most unstable root. Basing the criterion on the most unstable root 

i was done f or ease of control system design. During this simulation study the 

I 

! method for measuring the divergence rate is believed to result in a measurement 

; of the most unstable root. This allows direct comparison with the National 

SST Pitch Divergence Criterion. 

The military specification, MIL-F-R78SB . was examined in terms o* the 

i 

; specified limits of short period natural frequency, pitch damping ratio and 
| column force gradient. However, the criteria in this specification have beer 

l 

based on parameter variations of a second order system which are not directly 

I applicable to the results of this study. This study utilizes an actual non- 

'j linear airo’jne math model and augmentation system which results ir, pitch 
• | 

response characteristics o f a much higher order than a second order system. 

This study, as well as the National SST criteria development study, was arec 


REV SVW 




2R 




* 


j 


♦ 








at developing a criteria data base that could be applied to aircraft that 
had predominantly higher order pitch response characteristics . 



7.0 STUDY RESULTS 


This piloted simulation study was broken down into separate study areas each 
covering a particular flight regime or characteristic. The results of the work 
done in each study area will be presented separately along with a description of 
the test techniques and a description of the analysis used. 

7.1 HIGH SPEED CRUISE MANEUVERING 

High speed cruise presents a different set of handling qualities require- 

i 

ments than does low speed. This is mainly attributable to the large true 
velocity vector and the resulting sensitivity of rate of climb or descent to 

| 

longitudinal attitude and rate of change of attitude. These requirements are 
reflected in the pitch attitude display sensitivity requirements, the desired 
longitudinal response characteristics, and the importance of load factor as a 
short period parameter. ! 

The flight condition for this evaluation was the condition occurring at the 
end of supersonic climb for the 2707-300PT airplane, identified as follows: 
o Mach 2. 7 

o 60,000 feet altitude ( 1 8,288 meters ) 

o 567 knots CAS (292 meters per second) ; 

o 555,000 pounds gross weight (251,744 kilograms) 

i 

o 62 center of gravity (aft limit) 

The parameters identified for evaluation of this study area were the short 
period response parameters measured in terms of pitch rate and expressed in 
the following terms: 

o pitch rate overshoot ratio, £) /9^ 

Ilia X S S 

o time- to-peak pitch rate, Ta 

max 

o pitch damping constant, 
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These expressions define the pitch axis short period response characteristics 
evaluated and are the same parameters evaluated in the landing approach 

(normal operation) study area. These same short period responses were also 
analyzed in terms of the normal load factor response characteristics. 

The response characteristics just identified were developed accordin'" tc 
the technique described in the "Test and Analysis Technique" section of this 
report. The forcing function for the engineering calibration runs was an 
unpiloted column step input. 

In addition to the short period response parameters, the effect of vaca- 
tions of the column force gradient and pitch attitude display sensitivity were 
also evaluated. Table 7-1 presents the complete matrix of the parameters used in 

the evaluation of this study area. Time histories for the short period resocnse 

parameters in terms of normalized pitch rate are presented in Figures 7-1 through 
7-3. These same short period response conditions in terms of normalized 

1 load factor response, are presented in Figures 7-4 through 7-6. Both sets of 


time histories have been normalized to a steady state value of unit,y. 

Results of the evaluation of each parameter will be discussed separately m 
the following sections. Under each section the results will be compared uuamst 
the existing criteria listed below: 
o SST Time Response Criteria 

o C* Longitudinal Handling Qualities Criteria 

o Military Specifications (MIL-F-8785B ) 

The pilot task description for evaluation of this study anna is presented 
in Figure 7-7. 

?, 7.1.1 Pitch Attitude Display Sensitivity 

cr 

1 For all testing in this study area the electronic attitude director 

indicator ( E AD I ) was used (Figure 4-3). Variation of the pitch attitude scale 
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HIGH SPEED CRUISE MANEUVERING 
PILOT TASK 

ALTITUDE CHANGES (HOLDING MACH MO. CONSTANT): 

1. CLIMB 250 FT 0 500 FPM (76M 0 I52M/MINUTE ) AMD STABILIZE 

2. DESCEND 750 FT 0 1000 FPM (229M O 305M/MINUTE ) AND STABILIZE 

3. CLIMB 1000 FT 0 2000 FPM (305M 0 610M/MINUTE) AND STABILIZE 

4. DESCEND 500 FT 0 500 FPM (152M O 152 M/MINUTE) AND STABILIZE 

AIRSPEED CHANGES (HOLDING ALTITUDE CONSTANT): 

1. INCREASE SPEED 20 KNOTS AND STABILIZE 

2. DECREASE SPEED 40 KNOTS AND STABILIZE 

3. INCREASE SPEED 20 KNOTS AND STABILIZE 

HEADING CHANGES (HOLDING ALTITUDE AND AIRSPEED CONSTANT) 

1. TURN 15° LEFT IN 15° BANK AND LEVEL OFF 

2. TURN 20° RIGHT IN 30° BANK AND LEVEL OFF 




1 


I 



♦ 

was desired as part of the evaluation o r this study area since a greater sers'- 
tivity is required at hiqh supersonic cruise speeds than at subsonic cr.ise ; 

speeds. The pitch attitude scale sensitivity requirement should be roughly . 

i 

proportional to the magnitude of the true velocity vector which defines the 
relationship between a change in vertical velocity and a change in pitch 
attitude. For example, one degree of pitch attitude at Mach 2 . ’ results i*- 28'?: 
f eet per minute vertical velocity. At Mach .8 one degree of pitch chanoe ’es^lts 
in approximately 800 feet per minute vertical velocity. With the requirement 
established for a greater pitch attitude sensitivity, the objective was to first 
detine the optimum pitch attitude sensitivity and then conduct all other evalua- 
tions at that scale sensitivity value. 

Three pitch scale values were evaluated as seen in Table 7-1. The results 
of this study are presented in Fv jf* 7-8. Both pilots preferred the .30 
inches/deq. (.762 centimeters/deg) sensitivity according to the ratings given 
and according to their comments. They were both given their choice of any c- 
the three settings for the remainder of the evaluation of this study area, and 
i both selected the most sensitive setting. Also, it should be pointed out that 
’ this was the most sensitive setting possible with the E AD I svste 1 ' available. 

! This wa; due to the spacing c f the pitch bars approaching the limit of the 
l screen size available. Pilot comments were received during evaluation o' other 
parameters indicating a more sensitive pitch scale would be desirable. 


7.1.2 Pitch Pate Overshoot Patio 

The data are clotted and faired in figure 7-9. The fairing selected snows 
the optimum value of overshoot ratio tu be less than pie lowest value tested o‘ 
i . g 4 . Therefore, a lower limit could not be established c ro<' these tests. h e 
upper limit, however, is shewn to be ’ . 1 , which compares favorably with the 
peak, value 7.6 obtained from the SST high Speed Pitch Pate Pesoorse Trite*--: 
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(Figure 7-10). However, as seen in this f i < | li r e , the criterion shows a timr- to l 
reach this overshoot ratio as .0 seconds, and for these tests the tine to reach , 
an overshoot ratio of 7.1 can be interpolated to be .9 seconds, which could 
account for the slight difference in the satisfactory maximum level. By 
comparing this value of overshoot ratio and time-to-peak value against the tine 
history envelope of the SST High Speed Pitch Rate Response Criterion, it can be | 
seen that the limiting response condition would tall just slightly outside the ; 
boundary. Based on the scatter in the pilot rating data, and the fact the j 

I 

described differences are very slight, no change is recommended in the unoer j 

limit of the SST High Speed Pitch Rate Response Criterion time history envelope 

as a result of this test. 

On the low side of the envelope, however, the SST Hiah Speed Pitch Rate 
Response Criterion is not satisfactory. Considering a time-to-f i rst peak c ( 

.9 seconds, as was used Cor the overshoot ratio tests, the minimum acceptable- 
overshoot ratio should be lowered. How low it can go and still be satisfactory 
is unknown at this time. However, since steady state pitch rate values for a 
given load factor are quite low at this Mach number, it is logical to assume 
that pitch rate overshoot ratio becomes unimportant at low values. Therefore, 
no justification is apparent for requiring a minimun value greater than 
(ip. n0 overshoot). Therefore, a recommended boundary modification is to 
truncate the lower boundary at an overshoot ratio of 1.0. The imt'a 
rate at low overshoot ratios becomes the important parameter, and will be 
covered in the next section. 

A comparison with the SST High Speed Load Tactor Response Criterion for i 
the same set of responses just discussed is presented in Ciove 7-W. >p loan 
factor responses do not compare favorably wiih the criterion. his : co- 
comparison could be attributed to the fact that the systei e* a . -ate., . s a ■ | 

higher order than the second order one represented by the criter .or. .hi j 
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particular set of response conditions does not behave like a second order svster . I 
The pitch rate time history envelope comparison is much better <or this set o* 

conditions. ; 

Another point to be considered when analyzing any load factor response data , 
is that the motion system used for this study had very limited vertical travel 
(+ 4 feet or + 1.22 meters), and therefore, limited load factors reproduction 

i 

fidelity. This limited capability could account for the poor comparison with 
the criterion. Therefore, it is recommended that additional work be conducted 
in the future in the area of high speed handling qualities using a moving base 
simulation with greater load factor reproduction capability. 

The military specification (Reference 1) criteria, expressed in terms o ' 7 
natural frequency (ur n ) and , is compared against the results of this test in 
Figure 7-12. As can be seen, all points fall within the satisfactory range, even 
the point for an overshoot ratio of 8.2 that received a pilot rating of 4.0. 

Again, this criteria is based on a second order system which is not representative 
of the system evaluated. 

A comparison was also made with the C* criterion and is presented in 
i figure 7-13. This comparison is for the baseline configuration which was oive r 
: a pilot rating cf 2.5 and 3.0. Since the C* response computed violates the 
j satisfactory boundary, there is disagreement between this criterion and previous 
conclusions. In this portion of the flight regime the reason is attributec to 
the differences between the r lflt of the math model used in this evaluation and 
the test aircraU (variable stability F- 94 ) used in the development of the 

1 

criterion. The 2707-300PT math model has a low n^ compared to the F-94 ; 

aircraft. This effect is seen in Figure 7-13 in the increased rise time c , 

J over that defined by the criteri n. This increased rise time is primarily due I 
to the load factor contribution to the C* parameter. 
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In conclusion, the modified SST High Speed Pitch Rate Response Criterion 
is the best criterion for judging satisfactory pitch rate overshoot ratio j 

characteristics. j 

j 

7.1.3 Time-to-Peak Pitch Rate 

i 

This parameter gave the greatest variation in pilot rating of all the j 

I 

parameters tested for this study area. The results are presented in Figure 7-14, \ 
and include the estimate of the satisfactory limit. j 

As was the case with the overshoot ratio parameter, no lower acceptable 
limit could be determined from these tests. The lowest limit tested was .45 I 

seconds, which gave the most satisfactory pilot ratinqs and compares favorably j 

I 

with the SST High Speed Pitch Rate Response Criterion (Figure 7-15). Lower 
values are not believed to be of practical interest for larqe aircraft due to 

I 

j other aircraft parameters such as pitch inertia or structure modal character- 

■ istics causing the predominant restrictions. Therefore, the upper limit is the 

! only concern for this evaluation, and is estimated to be 1.2 seconds. 

Close analysis of these results indicates the pilot is not evaluating the 

initial response, but is evaluating the duration the overshoot exists. This car. 

be exemplified by comparing the time history curve for the T^ of 2.0 seconds 

max 

(Figure 7-2) which was rated 6.0 and 7.0 with the time history curve for the 

8 /0 of 1.94 (Figure 7-1) which was rated 2.0 and 2.5. Both curves have 

max ss 

nearly the same initial response up to the steady state value. The difference 
is in the overshoot magnitude and duration. In this area the SST High Soeec 
Pitch Rate Response Criterion is very accurate in defining satisfactory lirits. 

These test results compare very well with the SST High Speed Pitch Rate 
Response Criterion (Figure 7-15). The time-to-peak of 1.4 seconds is ,ust 
outside of the pitch rate time history boundary and is rated slightly unsatis- 
factory. The time-to-oeak of 2.0 seconds is considerably outside the boundary 


REV SYM 

















j and the pilot ratings definitely reflect this. The only area of any slight j 

i 

disagreement exists with the time-to-peak of .45 seconds. This does sliohtly j 

I 

violate the boundary on the low side. However, it should be remembered that 
this portion of the boundary is definitely in disagreement with the overshoot j 
ratio test results, and should be modified as recommended in the discussion of 
those test results. With this recommended modification to the boundary, the 

response for the time-to-peak of .45 seconds will then not violate the pitch | 

I 

rate response envelope. j 

These same responses expressed in terms of normal load factor in comparison i 

i 

with the SST High Speed Load Factor Response Criterion, are presented in | 

i 

Figure 7-16. This comparison is reasonably good in that both time histories 
for condition rated unsatisfactory are definitely outside of the envelope. 

The other two conditions which were rated satisfactory are just within or 
slightly outside the boundary. However, the pitch rate envelope criterion is 
judged more accurate in defining satisfactory conditions for this type of 
response variation. 

These same test conditions were compared against the MIL-F-8785B natural 
frequency criterion (Figure 7-17). The results of this comparison compare ! 

favorably with the pilot ratings received. Meeting the Level 1 boundary is 

I 

1 considered necessary for normal operation. In this respect the T* valje of 

H max 

1.4 is just inside the Level 1 boundary, and was rated 4.0 and 4.5, which shows 
this boundary to be optimistic. 

In conclusion, the SST High Speed Pitch Rate Response Criterion with the 
lower boundary modification was found adequate for judging satisfactory levels 
of time- to-peak pitch rate with the corresponding overshoot ratios. 

o 

* 7.1.4 Pitch Damping Constant 

* 

This parameter has the same basic characteristics as the other parameters 


NO 
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tested in that only one limit, the lower limit in this case, was identified. 

The results are presented in Figure 7-18, and show a minimum satisfactory limit 
of .55 fo 1 - a pitch overshoot ratio of approximately 4, and a t’ ” e-to-; eat 

of approximately .9 seconds. Analysis of this data is believed to be very 
straight forward. The pilot rated the low damping case as unacceptable die be 
the oscillatory nature of the aircraft response. This is verified by the rmlct 
comments, and is also supported by the SST High Speed Pitch Rate Response 
Criterion. The comparison is presented in Figure 7-19. The response for the 
^ - 36 condition was found unacceptable and violates the envelope on b th 

the low and high side due to the oscillatory tendency of this response. '11 
other measurements of this particular response, such as the overshoot '-atic and 
time- to- first peak, would have otherwise been satisfactory. The other two 
responses are well within the envelope and are rated satisfactory. 

A comparison of these same conditions expressed in terms of load ''actor 
| response with the SST High Speed Load Factor Response Criterion is presented 

i 

j in Figure 7-2G. This comparison is reasonably good in that the time history 
curve for the ur^ - .36 condition definitely violates the envelope and neceivec 
unsatisfactory pilot ratings. The other two time histories are close to the 
boundary with one slightly outside. This envelope (.omparisor. is sensitive and 
judged not as good for comparison as trie pitch rate envelope. 

Comparing these test conditions with the MIL-F-R785B frequenc.. iriter'o 
(Figure 7-21) gives the expected unsatisfactory results with al 1 data prints t- 
the satisfactory region. However, this specification covers dampinc separately 
by defining a satisfactory minimum value o c damping ratio ( $ • For this 

particular aircraft configuration the lowest satisfactory value c r j , ae''"*d 
b.v MI L- F-87856 , is 0.30. The minimum satisfactory value deter--' red £ o~ t r e 
curve in Figure 7-20 was j - 0.14, which shows MIL-F-8735B to be s- i'Mly 
optimistic. This value of j - 0.34 i s obtained by taking t"e safs- 
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factory value of j|ixr = 0.55 and dividing by ux^ 1.6 rad/sec, which is the- 
of at the test conditions on either side of the intercept point. 

Therefore, the High Speed Pitch Rate Response Criterion with the lowe-' 
boundary modification is judged as the best method for predicting satisfactory 
characteristics for the pitch damping response parameter. 

7.1.5 Column Force Gradient 

The results of the column force gradient evaluation arr presented in 
Figure 7-22. With the small amount of column deflection normally used at t'm- 
high speed cruise flight condition ( + 0.8 inches or + ?.0 centimeters.-, the 
level of the column force gradient is found to be relatively unimportant, "he 
MIL- F- 8785B limits are also presented in the above figure for refererce. 

Nc specific gradient limits are recommended as a result o f this c-va : -i r 

i 

The nominal column force gradient is estimated to be approximately 40 Its/ a 
(178 N/g). 

7.2 LANDING APPROACH (NORMAL OPERATION) 

The purpose of this section of the study was to develop lonqitudinal 
handling qualities criteria based on airplane response characteristics for the 
landing approach portion of the mission. For this particular landing appreach 

t 

study the criteria was to be applicable to airplanes landing under normal 
operating conditions as differentiated from airplanes landing under mi nimu'"-saf 
operating conditions, as will be covered in the next section. 

As described previously in this report, the criteria is based or. ait. lure- 
response parameters. The parameters used to evaluate this study area were 
as follows: 

I 

o nitch rate overshoot ratio (9 inav /0 rc . ) 

HdX SS 

o time-to-peak pitch rate (T^ ) 

max 

o pitch damping constant ( ^ ) 
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o column force gradient ( r c0 -[ ) ! 

The column force gradient is applicable since it is a measure of the feel the | 

i 

pilot has for the longitudinal response characteristics, even though this is j 
not a response parameter as such. | 

The complete matrix of parameters evaluated is presented in Table 7-II. 
Included in the table are the conditions under which the evaluations were 
performed, special tests measurements taken and number of pilots evaluating 
l each case. 

The parameter variations were calibrated using the response from ar 

unpiloted column step command. To obtain the desired variations of the above 

parameters, changes were made in the pitch SAS by adjusting the gain and filter 

time constants and by changinq the column forward loop prefilter terms. 

The pilot task is presented in Figure 7-23. This pilot task was performed 

by all pilots evaluating the landing approach configurations for both the normal 

I and minimum-safe study areas. When conducting the landing approach pilot, task 
I 

| the visual scene was fogged over until an altitude of 200 feet (61 meters) was 
I reached. At that altitude the fog was lifted and the pilot continued the landing 
through flare and touchdown using the visual scene. 

The initial flight condition for this evaluation was the normal landing 
approach conditions for the 2707-300PT airplane as follows: 
o 1800 feet altitude (549 meters) 

I o 144 knots CAS (74 meters/sec) 

j o 415,000 pounds gross weight (188.240 kilograms) 

I o 54 center of gravity (forward limit) 

! ' 20 degrees flaps 

r i qear down 

" Considerable scatter exists in the pilot rating data obtained. Pilot 

- technique , simulation experience and the large number of pilots used for this 



TABLE 7- 1 1 

LANDING APPROACH (NORMAL OPERATION) TEST CONDITIONS 



NUMBER OF PILOTS EVALUATING 

PARAMETER T 



Pi lot 

Workload 

VARIED 


Turbulence 

Descri bi ng 

Smooth Air 

Evaluation 

Function 

Side Task 

Pitch Rate 





Overshoot Ratio 
0 /0 =1.12 

2 




max ss 




1 

*1.67 

5 

2 

2 

2.12 

4 

1 


1 

3.24 

2 




Time to Peak 
Pitch Rate 





T' = 1 . 0 sec 

H max * 1 5 

2 

1 



2.0 

3 

1 

1 


3.0 

3 

2 

1 


Damping Constant 





'sD 

li 

4 

1 i 

2 

1 

.56 

2 

1 



*.7 5 




— 

— 

1.10 

3 




Column Force 
Gradient 





F ,/g = 10 lb/g 

col 

3 

1 

1 


28 

3 

1 



*50 




— 

— 

71 

3 

1 



37 

2 





* Baseline conf iguration 
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LANDING APPROACH PILOT TASK 


START ON RUNWAY HEADING OFFSET TO ONE SIDE OF 
LOCALIZER AND BELOW GLIDE SLOPE 

CAPTURE LOCALIZER 

FLY STRAIGHT AMD LEVEL TO CAPTURE GL I DESLOPE 

AFTER STABILIZING ON GLIDESLOPE DEVIATE ABOVE 
GLIDESLOPE BY 3/4 TO ONE DOT HIGH AMD STABILIZE 

RECAPTURE GLIDESLOPE USING NORMAL TECHNIQUE 

CONTINUE APPROACH BREAKING OUT OF OVERCAST AT 
200 FEET (61 METERS) 

CONDUCT NORMAL FLARE AND TOUCHDOWN ATTEMPTING TO 
TOUCHDOWN AT THE 1000 FOOT (305 METER) MARK 


FIGURE 7-23 





test series, contributed to the scatter. Using a large number of pilots is 
normally advantageous, if all can fly all or most of the test conditions. In 
this case some were used only to obtain a few data points, some evaluation as 

1 

few as one or two test conditions. Familiarization was, therefore, not 
extensive tor some of the pilots involved and rechecking and repeating of 
questionable data points with the same pilot usually was not possible. 

i 

| 

7.2.1 Pitch Rate Overshoot Ratio ! 

The time history responses of the parameter variations tested are presented 
in Figure 7-24. These tine histories have been normalized to a steady state 
value of uni ty. 

The results of this evaluation are presented in Figure 7-25. As mentioned 
previously, considerable scatter exist with this particular data. The fairing 
is based on a complete analysis of the data including a comparison with 
existing criteria. 

The greatest amount of scatter occurs at the overshoot ratio of 3.24. 

Some insight can be obtained by comparing the results with the SST Low Sneed 
Pitch Rate Response Criterion (Figure 7-26). As can be seen in this comparison, 
the overshoot value of this test condition does not exceed the maximum value 
allowed by this criterion; but the time history response does fall outside the 
envelope due to a greater response lag than allowed by the criterion. Pilot 
acceptance or lack of acceptance of the greater lag could explain t h e amount o' 
scatter and the unsatisfactory pilot ratings. The best location for the 
fairing at this maximum overshoot ratio point was selected as the center o 4 the 

I 

scatter. 

The very low overshoot ratio value of 1.1 results in marginal pilot '"stir.cs. 
This is predicted by the SST Low Speed Pitch Rate Response Criterion, as seer 
in Figure 7-26. The initial response of this configuration is iust inside the 
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envelope. Results from this test indicate the envelope *o be sliqht’y ' 

i 

optimistic. 

Fhe results of the turbulence evaluation of this parap.eter is presentee ir ' 

i 

Figure 7-27. As can be seen, the variation of this parameter does not result 
in different turbulence ratings. Also the highest level of turbulence did not 

l 

result in an unacceptable turbulence rating. Therefore, no additional 1 

restrictions on the criterion are required as a result of the turbulence 

evaluation. | 

I 

As a result of these tests, the SST Low Speed Pitch '-Lite Response Criterion i 
is demonstrated to be a valid criterion for evaluating the pitch rate overshoot 
parameter, considering the test accuracy. 

7.2.2 Time- to-Peak Pitch Rate 

The time- to-peak pitch rate time history responses normalized to o steady 
state value of unity are presented in Figure 7-24. For the response wi th long 
time delay the steady state value was difficult to obtain. For a time-to-oeak 
pitch rate of 3.0 seconds, the best estimate of the steady state value was used 
in deriving the normalized time history. 

The results of this study, correlated with pilot ratings, are preserved 
in Figure 7-28. Aqain, considerable scatter existSj particularl y at the two 
longer times. This scatter, along with the degraded ratings, is due to ‘>0 
high pilot workload. The integrated workload measurements show t^'s to »'eou i no 
the highest workload by the pilot in terns of physical column work. Different 
pilots rate this effect very differently, depending on their background and 
experience, and personal likes and dislikes. 

Comparing the time history responses to the SST Low Speed Pitch p ate 
Response Criterion shows that criterion to be unsatisfactory r or fis particular j 
parameter (Figure 7-29). As can be seen, all response time Mstcries ‘ ; e ! 
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substantially in the envelope e/cont after a time period of seven seconds. The 
additional constraint concerning rise time (constraint 2 in Figure 6-4) is of 
no benefit either, since tne overshoot for all responses is always oreater than 
20T of the steady state value. The criterion is not judged applicable to the 
time- to-peak pitch rate response parameters evaluated. An additional constraint in! 
terms of time- to-peak pitch rate is recommended as follows: the time-to-peak 

pitch rate to a column step input should be between 1.1 and 1.3 seccr.cs '. c all 
other criteria are met. 

The turbulence evaluation of this parameter is (/resented ir, Figure 7 -30. 

By comparin'] this figure with Figure 7 - ? 8 , a direct correlation between 
pilot ratings and turbulence ratings car, be seen. All configurations, except 
the baseline, result in unsatisfactory pilot ratings and unacceptable turbulence- 
ratings at the turbulence level of 7.0 feet/sec (2.13 meters/sec). ’Ic reccm- 

! mended changes to the handling qualities criterion as a result of the turbulence 
study are necessary. 

I 

i 

j 7.2.3 ditch Damping Constant 

' The response time histories of the variations of the Pitch darting constant 

are presented in Figure 7-24. These time histories, as are all others, are 
normalized to <i steady state value of unity. 

Correlation of the pilot rating data with the variations o* the niton 
damping constant are presented in figure 7-31. These data show good correlation 
with less scatter than the data for the other parameters with the exception c r 
the rating of 2.0 given by pilot "C" at the minimum dampin'; case. Analysis e< 
the performance achieved by pilot "C" for this case shows unsatisfactory control 
of pitch rate in comparison to the rating given. Control of pitch rate by 
pilot "C" was essentially the sane as that achieved by both pilot 'A' and "3 . 
These two pi lots rated this configuration £.0 and 4.6 respectively. Comments 
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received from this pilot indicated a strong desire for light column forces 
(see Appendix E). This reduced pitch damping probably appeared as a reduced 
column force gradient in transient maneuvers, even though this was not the 
steady state case. In turbulence this same pilot gave an unacceptable pilot 
ratine for this same condition. (Turbulence rating ='H at C" = 7 fps (2.13 n'/seC - 
rms). For these reasons this particular data point has been disregarded in 
making the fairing. 

Also, additional information can be obtained by comparing the ratings 
given by pilot "C” and pilot "A", using the pilot math model analysis technique. 
This analysis technique consists of a method for correlating cmlot ratings based 
on the pilot describing function developed for each test condition (see 
Appendix B for a detailed description). The results of this analysis technique 
are presented in Figure 7-3 2. These results show that the rating by pilot T 
at the value of .16 should be raised by one unit. It also shows the rating 

given by pilot "C" at the baseline case should be lowered by about one half 
unit. If these changes were made, the shape of the results from pilot ''C 1 
would be more compatible with the other results, but lower. This analysis 
tends to support the data fairing selected. 

Comparing the data against the SST Low Speed Pitch Rate Response Criterion 
(Tiqure 7-33) shows that all responses fleet the criterion except the minimun 
damped configuration. The configuration of maximum damping does not violate 
the criterion or even approach the boundary which does not aaree with the 
results of this evaluation. In general, the SST Low Soeed Pitch Rate Response 
Criterion will allow pitch damping of greater and lesser magnitude than was 
rated satisfactory by this pilot evaluation. 

The results of the turbulence evaluation of this parameter a^e presented 
in Figure 7-34. These 1 ts. show unacceptable turbulence ratings only at 
the minimum damped configuration ( § ur^ .16). The other end of snectr^ 
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- 1.1) was not evaluated in turbulence, be change to the criterion is 
recommended as a result of this turbulence evaluation. 

As a result of the evaluation o^ 7 g^tch damping, ^ t is y ec o n,n -e ^d ed tn-* * r 
additional pitch damping criterion be established that requires the damping 
! constant to be between a j u/^ value of 0.5 and 1.05. 


7.2.4 Column Force Gradient 

The column force qradient was evaluated in combination with the response 
! parameters fust discussed. r hiu is not, strictly sneaHr:. a resnorse 

parameter*, but is a measure of the pilot's f eel of the lo n mtuC iiol axis, u r o 
was considered applicable to this simulation study. 

i 

Results of this evaluation are presented in Fiiure 7-M. Cent i Jc* rat* e 

! 

| scatter is indicated, narti cul arl v with th#* low pilot ratines :iver py oilj-t 
C" at the low column f oree gradient. As stated previously, this pilot 
indicated a strong desire for lower column forces. An analysis cf perform- 
ance achieved on the runs where these low ratines were oiver, shows t h at control 
of pitch rate was severely degraded, in particular at the 1C lb/q (44 \/<\) 
condition. This performance does not match the pilot ratings giver. For this 
reason ratings given by pilot l F 11 at the low columr gradients were r ot 
considered in f airing the data. 

The results of this celum force gradient evaluation indicate t h at a tc ' r 


gradient between 25 and A 5 pounds ner c’ (111 an: 773 b/O; would be s a t ' s * act - 
for landing approach. The military handling qualities speci f ' ca t i or “ 1 1 L - r - - ^ 0 5 P 


indicates the column gradient range should oe between 75 and 109 pounds v >c r 



(333 and 435 hg; r or a wheel controller f or a level 1 c h ar ac ten st ' 
MIL-F-3735B criterion is in f luenced bv the relatively low Ii ,? i t load 
2797-300PT for landing approach (n • 1.6 g's; and the rp, ':ti^-; S” a 1 
(n^ 4.5 ?). >,p satisfactory range V t'e Military foeci 1 i :ati cr 








does not ujinpare with the results obtained in this evaluation. 7hene f cne, : r t 
column force gradient recommended criterion is 75 to 85 pounds per “a" (111 tc 

''-m %■,(.. \ . . a- u *- u ~ /vr\f in'Min ho i rui CO nni i rlH Q r ip r 11 fl ' " ( ? ?? N / Q ) . 

j / O n/ y j w i l 1 1 uic u|;vjii"u.'i * « i w v- i-/v. ...j ~ ^ r ~ r - < 

The turbulence evaluation of the column force gradient is presented ' r 
Figure 7 - 1 f . . Acceptable turbulence ratines were obtainec for all cor.fi gurati 
evaluated in turbulence except the 10 lL-'g configuration. Since the 10 lb 
configuration was judged unsatisfactory, no change to the c lurr- *orce nradit- 
critenon is recommended as a result ol this turbulence ova i out. .or.. 

7.3 LAHDIW APPROACH ( M I ?1 IMUM-SATE 0PF.PATI0N ) 

The purpose of this study area was to determine a criterion that de'-res 
the minimum acceptable level of longitudinal stability under which = s«*e 
approach and larding can be conducted. This minimum acceptable level is 
defined as that resulting ir, a pilot rating of 6.5 on the Looter-Harper 
ratine scale (Figure 5-1). The task for tivs evaluation was the sare as t r -ot 
used in the normal operation evaluation G c .andino aumoach fFicure i-c , • 

Previous studies during the National SST Program yielded a cHter-'O' 
tern’s o‘ pitch divergence rate resulting; fron an initial disturbance s j .' — 

column pulse input. Also the maneuver point location or maneuver rar".'' 
been found tc be of significant interest. However, the divergence -'"ten r 
1 n the past been the -"ost important since it dees include- the ejects s.et 
•livernence and thus the > o* speed dependent statist- ter-s is we 1 ns 

the actual measurement o f static stability. 3 oU the pit.*- di vender.- rate 
"ane-uver ar;in na . - oee?- eumpa.-oj ana’ ns t the test results. able -... 
presents the parameter values a. j test .orditic r s u n ' - 1 * - 1 - j - ■ • * 


” V uOub 1 e ! 'it' r >tt 1 tu-jr 

>, 9 1 mtuiira ’ .it - li.e-:erp. ,, . ~ ease red *r -rr— n- ■ - tc-.:- 

v-plifude pitch attitude. Piter itt’t.d.e was selected tased : r the pe'-. 
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that pitch attitude is the primary airplane motion "cue 1 that the pilot is 
attempting to control during landing approach under the minimum-safe cooditic r . 
The disturbance input was a small column pulse (y inch (1.27 centimeters' ‘"or 
h second) in the nose-up direction. The nose-up direction was selected because 
that is the divergent direction of most concern to the pilot due to his concern 
about maintaining airspeed and avoiding possible stall. 

The configuration selected that would result in a Ditch attitude divergence 
under the condition described in these tests was flown with the handling 
qualities SAS turned off and with the mi nirnum-sa f e augmentation 'hard SAS,- :.r. 
Variation of the divergence rate was achieved by varying the gain cf t h e 
minimum- safe augmentation. Also, the aircraft center o f urav’ty was selectee 
at a value that resulted in as near an exponential divergence as possible with 
a minimum of initial delay. This also results in the most unstable root 
predominating and direct measurement of that root as possible. As it turned 
out, this eg selection was exactly the basic airplane maneuver point (50 C p /. 

The divergence rate evaluation results are presented in figure 7-37. 

These results show that a divernence rate of 5.6 seconds can be tolerated at the 
mnet severe turbulence level evaluated. This turbulence level, haven a root 
mean square vertical turbulence component o f approximate iy A fns, ,1.22 rr/seri, 
had been previously selected duri nq the National SST Program as the worst probable 
turbulence considering the probability of ercounteri no thn mi r.im U "-sa f e 
configuration. This was based on a probability study that concluded the 
combination of this level uf turbulence occurring in combination with this 
airplane conf iouration to be extremely remote, fo* - arv r ew con^ viuratior tnis 
probabi 1 i ty study would have to be exercised aoain to establish t r e r GQ'j' r< ^- 
turbulence level and, therefore, the acceptable divernence rate. r cn this 
reason the data just shown in Figure 7-37 has been cross-pi c* au.’.r'St 
turbulence le.el at the pilot ration o r 6.5. This cross-:-! ct ted data 's s r ow> 
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in Figure 7-38 and represents tne generalized form of the divergence critericr. 
recommended from this study. During the national SST Progran a divergence 
criterion value of six seconds for the most unstable root was selected, w^ich 
is the high side of the scatter and, therefore, substantiates the resets c* 
this evaluation (see Reference 5). 

i 

7.3.2 Maneuver Margin 

The results described above were also plotted against raneuver . > 

The maneuver margin is not believed as general a parameter as the pitch 
divernence rate since it does not consider airspeed variation. Tne result'- ire- 
presented in figure 7-39 and show an 8 percent maneuver r*. i »• moui »*e'’ e r t ::t 
the maximum, turbulence level evaluated. 

7.3.3 Sudden Degradation to Minimum-Safe 

Included in the planning for this test series was an evaluation to aeten ire- 
the effect of the pilot learning curve when conducting a long; series of 


mini mini 


u-safe piloted evaluations. In other words, does the pilot learn how tc 


fly the minimum-safe airplane conf iuurations , and then give better ratines than 

■ r ' * - jj- 1 r i f. i st i‘ rtr. H ■ . o fn ^ C\/CtcsP' 

rie wouig it ne were lu iuuuciu / hiloui-ll' 

failure when ho had boon 4l \irai an airplane with ocod norr-al nand-ino ' 1 ties 
Th i s me.'vtion was approached bv a test series designed to identify t^s 
problem. These tests wore Performed at the end of a series o f tests invest’ea- 
tino nornal lanoinp approach. handling c.jalities. The ; 'let initiated the te$ v 
run, and durino the run the* handling realities SAS was turned whic^ 1 

reverted the airplane to the :-.i r, i:;ur.-safe auqn.entctior. wMc> had L^e- set 
for the desired diveroenue rate level. Also, the (enter ..•* ^ Jrf . r ad bee' 

; rev * ous 1 . established at the position reeded *r;r the — , v -sa'" ,c r *i 

The data points deputin'; these results are Identified l f c 4 is ■ r 
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The first time this evaluation was attempted it was done *or a divergence j 

I 

level of 5 seconds at a turbulence level of 4 feet per second (1.22 meters oer j 
second), a configuration previously rated 7.0. The normal configuration which j 

existed at the start of the run had been previously rated 3.5-4. The degrada- j 

i 

tion to minimum-safe was performed as the pilot was deviating above the , 

glides lope as called for in the pilot task description. Immediately following i 
the run the pilot was asked to concentrate on the latter part of the run ar-d 
was given no other information, and was not aware the configuration changes 
during the run. The pilot rating given was 4.5 instead of the previous ’’.3, 
which was opposite to the expected trend. This lower rating was probably due 
to the influence of the first part of the run which the pilot could not ignore. 

A second run was immediately made, leaving the airplane in a minimum-safe 
configuration that existed at the termination of the previous run. The Pilot 
rating for this run was 7.0, which was exactly the rating he had given this 
configuration during the test series where he was evaluating minimum-safe 
con f i gyrations . From these results it was concluded that there was not a 
significant learning trend established during the minimum-safe evaluation 
series that affected the pilot ratings in an optimistic direction which wo.md 
cause concern. Additional runs were made using the sudden degradation tec^ rl oue 
at the same divergence rate, but at the lower turbulence levels immediate! » 
following the series just described. The pilot was aware during these rurs o r 
the purpose of the tests, but was not aware as to what run the sudden degrada- 
tion would occur. Ho successfully identified each time it did occur, ever 
though the runs wer^ randomly mixed with runs where no degradation occurred. ; 

i 

As t.an he seen in Figure 7-37, the ratings were again the same as ^ad beer o'ver.j 

i 

previously during the mi nimuni-safe evaluation series. These additional results j 

i 

i 

Support the previous conclusion that whatever learning occurs during a 'ore. j 
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series of flights with degraded configurations does not result in optimistic 
ratings with this particular pilot. 

7.3.4 Column Force Gradient 

The effect of column force gradient was evaluated and the results are j 

i 

presented in Figures 7-40 and 7-41. Reducing column force gradient to as low 
as 15 lb/g (66.7 N/g) had no effect at the criterion limit of T = 6.0 
seconds, as seen in Figure 7-40. Reducing the column force gradient did have a 
significant effect at the shorter divergence time of T 20 =3.6 seconds, as 

seen in Figure 7-41. The better pilot rating at the low<r gradient was due to 
the reduced physical workload. At this divergence rate of 3.6 seconds a very 1 

high level of column activity with large deflections is reguired to control ' 

the airplane, and a reduction in the column gradient is beneficial. However, 
this benefit at T« Q = 3.6 seconds cannot be realized since the divergence 
rate limit is 6.0 seconds time-to-double amplitude where no benefit due to 

reduced column gradient is predicted. 

In summary, the recommended criterion for landing approach (minimum-safe 
operation) is the SST Pitch Divergence Criterion. Considering the data scatter 
and test accuracy, the recommended minimum time-to-double pitch attitude of the 

I 

most unstable root is 6.0 seconds. This divernence rate is based on the 
turbulence level resulting from the 2707-300PT probability study. For other 
turbulence levels refer to Figure 7-33. 

7.4 STALL RECOVERY CONTROL POWER 

The purpose of evaluating stall recovery control power was to develop a 
criterion that defines the magnitude of longitudinal control power needed fo*‘ 

• i 

" safe positive recovery from the hinh anple of attack * minimuri speed cordi.ion. 

or 

This mini muni speed condition for conventional aircraft is normally define*- b> 
the stall condition ideally associated with a nose down pitch reaction which 
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results In n stable stall recovery situation with ml n i :7iuni martian raguir*-"! 

I j 

I from the pilot. For delta wing and arrow wing conf 1 gurations such a ron vent i one 1| 

stall reaction is not the situation. These wing configurations do not exhibit : 

i i 

the character i sti c stall. There is normally not a nose down moment and not a j 
• sudden loss of lift at the minimum speed concition. With such conf i nurat^ors 

the stall speed is a defined speed known as the minimum demonstrated speed, or \ 

i • 

I in more general terms, the .>peed associated with the maximum demonstra ted life 

i , 

| coefficient and angle of attack. One of the items that might be limiting at 

| the defined stall speed is the amount of longitudinal control power available 

■ i ! 

| in the nose down direction, since the pi lot must recover the aircraft *rov the 

j defined stall speed manually. Other conditions which may influence the 

| establishment of the defined stall speed are conditions such as a loss c f 
I 

i directional stability or sudden degradation in longitudinal stability. These 

; I 

i ‘ conditions are not addressed in this study. The defined stall speed r.ust be 

, established sufficiently far away fror the onset of stability [.roblem areas. 

if they exist, so the aircraft will not enter this region inadvertentl y bv 
j overshooting the defined stall speed flight condition. This then leaves the 

I 

requirement for a nose down control power criterion at the defined stall s.eed 

i 

I f^r an aircraft that has been given sufficient margin from any undesirable high , 

i 

| angle ot attack stability characteri st ics. 
i 

j The defined stall speed (minimum demonstrated speed) and the speed f cr 

t 

i 

stall warning (minimum operating speed) used in this study area were defined 
. during the National SST Program. Definition of these speeds was not part cf 

. this study. 

; i 

fioure 7-42 defines the measured stability in the approach to stall, sta 11 ., 

i . ■ i 

( and region ot stall overshoot. The aircra! exhibits near neutral longitudinal 
’ stability which is typical of the stability that would exist with airplanes 
that use a defined stall speed and have sufficient margin ary degraded 

i 


r t 
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stability characteristics. The lateral axis stability was not Pleasured, tut 
was reported to be satisfactory , and was not an influencing factor in ary c* 
these tests. 

The stall recovery evaluation was conducted by varying the raonitud‘. . * 
the longitudinal control power and having the pilot fly a series c ( typi'd 1 
stall approaches terminated with manual stall recovery for each level o f 
lonnitudinal control power. In addition, the atmospheric turbulence level was 
varied in order to define the effect of turbulence on this evaluation, for 
each series the pilot would give a pilot rating and a turbulence rating 
where applicable. 

The longitudinal control power was varied by introducing additional 
increments of tail pitching moment and lift into the math model build-„r 
equations. These increments were programmed as a function of the control cclu’"r 
deflection with the increments increasing from zero at zero column de f Iect 1 on 
to maximum at full forward column deflection. By making these increments a 
function of control column deflection, the basic airplane stability was 
retained constant for all levels of longitudinal control power. 

The magnitude of the longitudinal control power was calibrated by 
conducting full nose down control inputs, unpiloted, and measuring the initial 
peak longitudinal angular acceleration. These unpiloted tests were conducted 
varying the maximum magnitudes of the tail lift and pitchinq noment increments 
over the necessary range to provide the desired variation of longitudinal 
angular acceleration tested and the test conditions (Table 7-IV). 

Due to making the control system- modification by the technigue lust 
described, the pilot was required to maintain near neutral trim during the 
approach to the stall recovery condition in order to have available c o r stall 
recovery the same nose down control power as eyisted for unpiloted calibra- 
tion runs. This was not a problem from a piloting standee, rt sire* 1 rnar neutral 
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stability oxlst.pd with the 1 basic math nodr.'l anyway. On those tests where j 

i 

neutral trim was not maintained to a satisfactory degree, a correction was 
applied to the angular pitch acceleration parameter. This correction cons^stec 
of applying a ratio to the angular acceleration parameter equal to the control 

i 

column available from the test trim condition divided by the control colurr 

i 

available from the trim used during the engineering calibration runs. j 

i 

| 

The pilot task for these evaluations is presented in Figure 7-43. 

Figure 7-44 shows the results of these tests with fairings for the three 
levels of turbulence. In turn, the intersection of these fairings at pilot 
rating 3.5 are cross-plotted in Figure 7-45 to show the trend of nose down 
angular acceleration requi r amor cs with turbulence level at the satisfactory 
pilot rating boundary. 

Pilot rating 3.5 was selected as the boundary for satisfactory stall 

i 

| recovery control Dower since that is the dividing line between a configuration 

i 

1 needing improvement and one not needing improvement. The stall is ar emergency 

i 

condition caused by a piloting, operational, or mechanical problem, or comb^ra- 

i tion thereof. The control power for stall recovery must be satisfactory without 

I 

j needed improvement in order to safely recover from stall under the emergency 
adverse condition encountered. When referring to the pilot rating scale 
, (Figure 5-1) it can be seen that 3.5 is the limit pilot rating tor a condition 
! 

| not needing improvement. 

The values of nose down angular acceleration in figure 7-44 have been 
corrected for any slight out-of-trim condition at initiation of stall recovery 
as described above. Also, some data points have been omitted due to pilot 
I fan. i 1 ia-'i zation problems, significant out-of-trim at stall recovery initiation, 

or excessue angle of attack overshoot with corresponding excessive airspeed 
undershoot. The resulting data still have some scatter, but satisfactory 
fairings have been applied which result in the final cross plot in figure 7-45. 
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STALL RECOVERY PILOT TASK 


INITIATE TEST TRIMMED AT MINIMUM OPERATION SPEED 
(145 KNP T S CAS) 

REDUCE THRUST TO ESTABLISH AIRCRAFT DECELERATION PATE 

AT MINIMUM DEMONSTRATED SPEED (118 KNOTS CAS) INITIATE 
MAXIMUM EFFORT STALL RECOVERY TECHNIQUE (UP TO FULL 
NOSE DOWN LONGITUDINAL CONTROL) 

STALL RECOVERY TO BE CONTINUED USING THRUST AS NECESSARY 
TO MINIMIZE ALTITUDE LOSS UNTIL ALTITUDE STABILIZED AND 
AIRCRAFT ACCELERATING 

CONDUCT THIS TEST THREE TIMES VARYING AIRCRAFT 
DECELERATION RATE WITH 1 KNOT/SEC AS THE NOMINAL 


FIGURE 7-4 ; 
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The recommended Stall Recovery Control Power Criterion is 0.1 rad/sec^ 
at the maximum turbulence level tested during this evaluation. The satisfactory 
variation of nose down angular acceleration with turbulence level is presented 
in Figure 7-45. 
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8.0 FOLLOW-ON STUDIES 


As a result of this simulation study, additional areas of investigation 


are recognized as desirable for future studies to continue development of {Tie 
handling qualities criteria data oase. These are listed as follows: 
o High speed cruise criteria evaluation using a moving base 
simulator having greater load factor simulation capability 
o Stall recovery control power evaluation considering variation 
of basic airplane stability at stall 
o Landing flare criteria evaluation 

o Determine the structural modal effect on handling qualities criteria 
o Climb, cruise and transonic speed stability criteria evaluations 
For future studies in the above areas it is recommended that a general i zee 
math model be used instead of an actual aircraft math model . This generalized 
math model should be detailed to the extent of including non linear character- 
istics, speed dependent derivatives, and structural modes. The advantages of 
such a generalized math model over the one used for this study would be the 
amount of independent control over the basic parameters in the math model. 

This control would necessarily be an important factor in the design of such a 
generalized math mode’*. 
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9.0 CONCLUSIONS 

Refined handling qualities criteria have been developed in the four areas 
of study. These criteria are based on previous existing criteria which in 
some cases are unchanged. However, in all cases a greater understanding and 
confidence level exist with all criteria recommended in this report. 

The recommended criteria will be summarized under each study area for 
which it applies. 

9.1 HIGH SPEED CRUISE MANEUVERING 

1. Minimum pitch attitude display sensitivity reouirement is 0.23 
inches per degree (.584 centimeters per degree) for this flight 
regime. 

2. The SST High Speed Pitch Rate Response Criterion is satisfactory 
for this flight regime with the minimum overshoot requirement re- 


moved as presented in Figure 9-1. 

3. The optimum column force gradient for this flight regime is 40 
pounds per "g" (178 newtons per "g"). 

9.2 LANDING APPROACH (NORMAL OPERATION) 

1. The SST Low Speed Pitch Rate Response Criterion with additional 
specifications tor time-to-peak pitch rate and oitch damping is 
satisfactory. The time-to-peak pitch rate resulting from a column 
step input should be between 1.1 and 1.8 seconds. The damping 
constant (§^) should be between .5 and 1.05. These criteria 
are summarized in Tigure 9-2. 

7. The column force gradient should be between 25 and 85 pounds ner 
"g" with the optimum being 50 pounds per "g". 
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9.3 LANDING APPROACH (MINIMUM-SAFE OPERATION) 

Acceptable handling qualities are defined by the SST Pitch Divergence 
Criterion with a time-to-doubl e pitch attitude cf 5.0 seconds or Greater for 
the most unstable root. This divergence rate is based on the vertical tur- 


bulence component of 4.0 fps (1.22 m/sec) rms which corresponds to a probability 

,-3 


level of exceedence of 10 per fliqht. This criterion is presented as a 
function of turbulence in Figure 9-3. 


9.4 STALL RECOVERY CONTROL POWER 


For aircraft with near neutral stability up to the maximum angle cf attack, 

2 


a minimum nose-down angular acceleration capability of 0.1 radians per sec 
should exist. This is valid for a vertical turbulence component, of 1,0 to 7.0 
fps (2.13 m/sec) rms. This turbulence level corresponds to a probability level 
of exceedence of 10"“’ per flight. This criterion is presented as a function of 
turbulence in Figure 9-4. 
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PILOT DESCRIBING FUNCTION STUDY 

Filot frequency response characteristics display pronounced 
high-order lag (4th order or greater) and lead or lead-lac 
equalization which is usually second-order and is conficuration- 
dependent. 

The la' 1 characteristics are essentially constant among the pilots 
and configurations tested and are assumed to represent human 
neuromuscu 1 ar phenomena. 

Conparison with other published data suggests that the neuromuscular 
Ians are dependent on controller type. 

Nonlinear, "hang-bang" control activity predominates at and b^vord 
the neuromuscul ar Dreak frequency. 
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5) Tracking performance, control activity, configuration character- 
istics, and pilot preferences are the principal variables affecting 
pilot rating. 

6) Good agreement was obtained with observed data using a linear 
regression model to predict pilot rating, but the present data base 
is too small to give sufficient statistical confidence levels. 

7) Only small differences were observed between pilot frequency 
response on moving and fixed base simulators. 


I 

i 

i 

i 


i 

c 




112 


REV $YM 




SYMBOLS AMD ABBREVIATIONS 


ADI 

ALT 

A/P 

c 

CAS 

eg 

C L 

cm 

CW 

C R 

deg 

dB 

EADI 

^col 

fpm 

fps 

ft 

9 

GW 

h 

h REF 

HW 

hz 

i 

i n 

kg 


attitude director indicator 
altitude (feet, meters) 
ai rpl ane 

output of nonlinear element 
calibrated airspeed (knots, m/sec) 
center of gravity (*' C^) 

1 i ft coeffi cient 
centimeters 
cross wind 
root chord 
degree 
deci bel 

electronic attitude director-indicator 

column force (lb, N) 

feet per minute 

feet per second 

feet 

gravity (ft/sec , m/sec ) 
gross weight (pounds, kilograms) 
alti tude (ft, ri) 
reference altitude (ft, m) 
head wind (knots) 

Hertz (cycles) 
system input 
i nches 
kilogram 
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knots 

normalized lift per angle of attack (sec *) 
pounds 

longitudinal integral scale length (ft, m) 
lateral integral scale length (ft, m) 
vertical integral scale length (ft, m) 
system output 
maximum 

National Aeronautics and Space Administration 
normalized load factor per angle of attack (g's/rad) 
linear pilot representati on 
limit load factor (g's) 
newton 

normal load factor 

steady state normal load factor 

pilot rating 
prototype 
radl an 

root mean square 
correlation function 
auto-correlation function 
cross-correlation function 
seconds (time) 
supersonic transport 
time (seconds) 
time increment (seconds) 
lead time (seconds) 


K- 
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29 


max 


REF 


20 

x (t) 
x* (t) 
y (t) 

v 

P 


s 

s 

e 

€ 

5 

9 

9 C 

9. 


col 


°A/P 

9 

9 

max 

9 ss 

? 

Cr 

u 

<r . 


time- to-double pitch attitude (seconds) 
time- to -maxi mum pitch rate (seconds) 

wind velocity vector (knots) 

calibrated airspeed (knots) 

reference wind velocity vector (knots) 

wind velocity vector at 20 feet altitude (knots) 

independent variable 

complex conjugate of x (t) 

independent variable 

pilot describinq function 

terrain roughness factor (ft, m) 

angle of attack (deg) 

column deflection, rms (in, cm) 

column deflection (in, cm) 

closed loop error signal (in, cm) 

tracking error (rms) (in, cm) 

damping ratio 

pitch attitude (deg) 

pitch attitude command (deg) 

pitch attitude error (deg) 

airplane pitch attitude (deg) 

pitch rate (deo/sec) 

maximum Ditch rate (deg/sec) 

steady state pitch rate (deg/sec) 

coherence function 

longitudinal turbulence component, rms (fps, m/sec) 
lateral turbulence component, rms (fos, m/sec) 
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cr 

w 

vertical turbulence component, rms (fps, m/sec) 

r 

pilot's time delay (seconds) 

*xx ( ^ 

power-spectral density of x (t) 

i xy (j^) 

cross-spectral density of x (t) and y (t) 

ur 

frequency (rad/sec) 

US' 

n 

natural frequency (rad/sec) 
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APPLIIDIX A 

I 

Simulation Facility Description 

The study was conducted using the Flight Simulator for Advanced Aircraft 
(FSAA) at NASA Ames Research Center. This simulator has six decrees o J "Ttior. 
freedom, and is described in References A-l and A- 2 (only five degrees ot motion 

freedom were operable for the study reported in Reference A-l). Details of the 

simulator pertinent to this study are summarized below. 

Cockpit - The interior of the three-man FSAA cab was representative of a transport] 
aircraft flight deck equipped for flight test. The panel instruments and 
controller mechanical design and location were representati ve ot SST category ! 
airplanes. The lateral control ler v/as a conventional control wheel, and was 
powered by a hydraulic control loader, as were column and rudder controllers. 

The mechanical characteristics of the flight controls are presented in Table A-I. 

The panel instruments provided appropriate sensitivities for an airplane , 
o f this category and can be seen in Figure 4-1 and 4-2. The two separate 

figures are used to show the two types of attitude displays used in this study. 

Figure 4-1 shows the mechanical attitude director indicator (ADI) which was used 
during the first simulator study period; and Figure 4-2 shows the electronic 
| attitude director indicator (FAD I ) used during the second study period. The ACI.^ 
model H/-bF . had a pitch scale sensitivity of approximately i-R mr/deg 
(.07 in/deg) a*- f he nominal pitch attitude being flown. The E ADI had a pitch ; 
attitude sensitivity norma 1 ly at 4.1 mm/den (-16 in/deg), but was increased up j 
to 7.6 mr./den (.30 in/deg) for this study during the high speed evaluation. I 

The airspeed indicator had a scale of 300 knots oe- evolution of the dial 
lace. Annunciator lights below the glare shield indicated individual "'am and 
nose gear touchdown. Immediately to the right of the ADI in i-igure 4-1 car be 

k \ 
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seen the actual and potential flight path angle display. When using the EADI 
this information is displayed on the screen (Figure 4-3). Therefore, to provide 
additional room required by the EADI the separate flight path angle display 
along with the trim tab position indicator, were eliminated. 

The isle stand and throttle configuration is the one seen in Figure 4-2. 

The configuration in Figure 4-1 was not used during this study. Also, in 
Figure 4-2, the workload lights can be seen. Three of these lights exist. One 
is on the left window sill left of the glare shield, another on the glare shield 
directly over the EADI, and the other is immediately aft of throttle levers 
three and four. 






Motion system - The six-degrees-of- freedom motion system of the FSAA is distin- j 
guished by its extensive lateral travel of + 40 feet. T he motion axis of j 

i 

primary interest for these tests, however, was the vertical, which had + 4.0 feet 
of usable travel. This provided a capability for effectively simulating motion 
resulting from a turbulent flight environment and the initial onset of maneuver- ' 
ing accelerations, but does not permit large motions whica would result from j 

i 

sustained normal accelerations. 

The D.C. drive signals to the servo motors were high-pass filtered to 
constrain motion within the allowable limits for each axis. Discussions of these 
filters and the effectiveness of FSAA motions on the piloted task are contained 
in Reference A-l and in Appendix A of Reference A-2. Specifications for the 
motion system are summarized In Table A-II. 

Briefly summarized, the FSAA motion logic was configured as follows, 
fourth order high-pass "wash-out" filters were generally applied to the drive 
s signals. The damping ratios, break frequencies and filter format used to 
" drive each degree of freedom are presented as follows: 
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1 ABLE A-II - SPECIFICATIONS FOR MOVING BASE SIMULATOR 

National Aeronautics and Space Administration 
Ames Research Center 
Moffett Field, California 
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KS 3 

(Fourth order high- 

pass "wash-out" 


filters applied to 

pilot station 

(S 2 +2jurS+ ur 2 ) 

(S 2 +2$^S+ J-) 

accelerations) 


where : 


x y 

z P Q 

F. (degree of 
freedom) 

$ = 

1.4 1.4 

1.4 1.4 1.4 

1.4 

ux - 

.4 .15 

.4 .2 .15 

.15 


K = .5 1.0 .75 .5 1.0 1-0 


Note: The S in the numerator is only third order because of the 

necessity to integrate acceleration to a rate signal to drive 


the simulator. 

The roll-lateral and the pi tch-lonqi tudinal modes used the residual-tilt 


i 


I technique of washing-in cab angular attitude to provide a steady-state component 
' of linear acceleration. These sustained linear accelerations were provided at 

j 

! full scale for lateral, and one-half scale for longitudinal. The residual tilt 
! time constants are as follows: 


lateral acceleration 



i 


longitudinal acceleration 


9-X 

1.0 


! visual i systen - The pilot and copilot were each provided a 21 inch (diagonal 

measure) color television monitor mounted in the windshield with a viewing f -. e ld 
of 30° vertically and 46° horizontally, with unity magni f icati on . The pilot s , 
monitor had a collimating lens to place the image at an infinite distance. | 

i ' 

The landing scene was the closed-circuit TV image of a model airncrt wth 
surrounding terrain, as viewed by the computer- commanded servo-driver ’V ca-'e>- a . 
Model scale was 1:600 and provided a runway £000 ft. long and 150 ft. wide. 

Specifications for the visual display are presented in Table '-III. 
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TABLE A- II I - SPECIFICATIONS FOR l, ISUAL DISPLAY 
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490 Lines; Model Resolution - 12 Lines ner Deqree From 0.04 Feet to 4 Feet 


Sound system - A sound generator simulated jet engine noise which was proportio 
al to thrust, and aerodynamic noise which was proDorti or.al to aircraft sneed. 
These sounds were introduced by speakers on each side of the cabin. In 
addition to adding realism, a primary benefit of this sound environment was to 
mask the noise of the simulator motion drive systems. 


REV $YM 




I 





/roitjo or £ i oo« > » o 


APPENDIX 13 


PILOT MAI H MODEL 


I ntroduc tion 

The purpose of this appendix is to present details of the * ' i lot model mu 
technique used to aid in landing approach (normal operation) handline oualities 
evaluation. Pilot dynamic characteristics were evaluated usinc the "'escribing 
function technique in an attempt to qain nuantative subs tant iat ; r.r. c, r - ♦ht : 
pilot ratings giver,. Results of this analysis urovided i means Lv ;^ls f 

ratings couUl be correlated and applicable average ratinqs estimated where 
considerable pilot ratine scatter existed. 


Discuss i on 

A quas i -1 inearization technique was u f ed to model the r ■ i lot m the 
frequency domain by the combination of a describing function, which represented 
the linear elements, and a remnant, which represents the pilot response not 
linearily correlated with the input. The describing function used was the 
random input describing function with white noise providin'! the input signal. 
Calculation of the random, input describing function is based or the cross- 
and power-spectra 1 density functions, or t)y computat i ono 1 techniques using 
the cross-correlation and au to-correl at ion functions. The theoretical bark- 
ground, experimental procedure, and the analysis and synthesis technuiues will 
be presented in this discussion. 


Theoret ica 1 bac kground : The starting point for describinn fjnctic r 

analysis (based on spectral analysis) is the correlation function P (l) o' 

which there div two kinds: the .iuto-correl ntior, function ^ CO a n d t h e 

cros f -correlation function P (f) which am defined, respec*w<*lv as 

xy ' 7 


MraMJAfo 

wo 


* ACt 1 


-X 


REV SYM 


A- 

2T 


= 


V i Wv 


J x* (t) x (^t ^ r) d-t 


*x 


'j 


Cr) = 


\ \ Wv 

X-» CO 


\ 

ZT 


x 6-) *j (s + S) 


where x (f' and v (t) arc independent variables, x* (t) is the coi ■■ole* 
conjugate of «. (t), and t is a time increment. The purpose of these - ■ r,« 

is to estaLd ".h t fie linear correlation between two tine histories: the case 

of auto-correlation, between the sional x (t) and itself. Ad'ted *n 4 i ■ e , 
and in the case of auto-correlation, between the c iqnal x (t) unci the sinnal 
V ft), shifted in time. This is illustrated in the follow in-' A etch’ 



Tote thvi 4 when T f \ I 1 _ (z) is simply the mean souar' average valyo s r 

x ft). 1 i x (t) is random, < x 0e ' 0 because past and future values v ' t 
have no relationship to each other. Similarly, if F ( V is zero, t h*- twr 
siena Is v (t) arid v (t) havo no linear' dependence on each other. This i s a 
means of determining the linearitv of .» control oyster clement. 

The concept of linear correlation is carried from the C do n a w tr the 
more useful domain (frequency) bv the Fourier transform. If renrp^nH 
the Fourier transforn* of P , 

M 

(j~) = 2 \ *xx (t) e" s “" <K 

- CO 

0 ^) ■ ^ j fc) e ^ dT - 

- 60 
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L *C-8 l r 


Mow, (ju>) is defined to be the power spectral density of x (t) and 

$ ( (jw) is defined to be the cross-spectral density of x (t) and . (t;. 


is an even function ofT, so 

oo 

^XX j (t) 




and has zero phase anqle. 

The power- and cross -spectra 1 densities may also be expressed in terms of 
the Fourier transforms of the functions x (t) and v (t). If X (jto) and V 


jw) are these transforms, then 


= (co-u,^ 

[x(- i w ) Y ( y*')]} j (m - ^ H ) 


The functions of time of the control loop, Fiqure B-l, mav be Fourier- 
transformed and the control laws derived in terms of these transforms. We 
have, referrinn to Fiqure 13-1: 

^ C - x C 2 ^ ^ c °) ^ 

\ v G> rT ( 

C = K ^ Qy-Q ^ 0*°) 

\ -V G. ^«*») (_ 

fv\ r G y-S) H T. ( v ^ ^ C ^f ) 

\ v G. ( H ( 

Forming the products I ( i<*x) *L ( i<^) and I (,i«j) *C ( i°*) ani noting thaf 
I P«*») *R (ju>) = 0, wo can. by equation (3) write 

$ xe (w>) = jt_P_ 

\ 4. GU 


^ ic - 
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from which it f i recti v fellow*; that the hk irtero-,? , 

^(W)- ^XC, (^) 

( W) 


$MKe> in this experiment., i r r Qr» c ^ 
pilot., Y 1 1 , we Ki ve 

$ 


^p ( ^ ^ 


^ e c e> ^ 


C - 


c ' 


d '{ (r,j; ,r- M c.. pn t r . the 


a the needed pilot describing function. 

The linear ..enrol at ^ . -n , + he fr<u.to) » . f t .* * f an element *h-it is 

linearly ..one' aipd to the irW . i-. the designated * ot erence Option, ( p 
where 


) U* CaH \ -%T~' 

<$> cc 


Njtino that. U ^ 

<£> ^ - 


v v. 


we obtain 


/ 


\ -v GU 

v %veA 


ST ~ T 

romr 


vv * cc 

whi h is related t. ‘h< remnar t .v> 

iw V 1 


0-a.) 


self i’ s-.illv 


• fij * ' 1*1 or; 

K t , .1 f 


T h‘ .Vi 1 ie 0 f JO 

imparity. tjj:i 1 t ■ r* ’ f n. t ■ 

t-he above eau*r. ion 

"his brief d:s. usSior has bfh*». tc • rn « . ■ 1 or • .■ ■ i 'r,- ’ ♦ 

M'd.jia to power s:v*n. J r md n> * I'm- ieser’b-': * ‘ ' *n,i* 

rppr^-.ent a n<jnl ipf . ontrol ■// h-- ►•nont . * r ” * nr * 1 1 .w* l ,f ' 

analysis of ' hJ * 1 1 v- m eas j r vd serial time h ’Slo»' , * ,f . . fon : ' P**a- n ** 
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discussion of describing function analysis the reader is referred to reference 
B- 1 . 

A description of the present system, from the point of view of control 
system theorv, is as shown in Figure B ?. In this studv the variable 0^ v 
the system forynq function, and it is comprised of two siqnals: filtered white 

noise from an external source, which provided the random inout. siqnal , and a 
signal proportional to the airplane's deviation from a reference pitch attitude, 
which provided the pilot task. These signals, combined, controlled the dis- 
placement of the pitch command bar from neutral in a standard flinht director 
indicator. Figure B-3. This was the total visual cue to the pilot. The second 
signal enters through the flinht director command bar conations, which are so 
designed that the command bar is centered if the pilot, is either on the -'Vde- | 

slope or fly inn toward it, and was retained for purposes of real^sr. Tpp 
pilot's task was to move the column so as to eliminate the bar di sol acer’-enf . 

i 

as in an actual approach: if the bar is hinh, he pulls the column bacK 

i 

Physically this represents a case in which, f lying below the qlideslooe j 

beacon, he pull" back to ciinb and regain the qlideslone. The key ncint dm" 
the standpoint of control systeis theory is that the pilot moves one cer 4 . roller 
(the column) in response to one /isual cue (the command bar offset) and f hsj r 
creates a simile loop, compensatory tracHno system. The objective is *(• 
determine the pilot's column deflection frequency speitnjm as he : if tenets t r 

I 

keep the bar centered. 

Durine a pi lot model measurement run the aircraft is held at a fi *ed 
altitude in order to maintain fixed flight director qair- an H to allow the 
run times to be as lone as desired. 

Cxpcrimen ta 1 Procedure : The pilot was instructed : aurce 4 hr h'e ■ ? : r y . a" 

flignt director bar, the position of which was controlled b/ smnals propor- 
tional to the airplane's pitch attitude and glideslope error. In this study. 
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a random signal with a second-order filter at 1 rad/sec was used instead of a 
true glideslope error, to drive the system. <~-l ides lope error is converted tr a 
pitch command error signal by the fliaht director, which is to be removed bv the 
pilot by "fly i r q to" the bar. The pilot thus essentially closes a pitch 
attitude control loop. Fioure C-4 shows the measured spectral content of the 
ul ides lope error and 11 iuht director command signal . lo ensure maximum pilot 
attention and activity a large command bar deflection of about t 1 inch (2. ‘A c^y 
wac employed. This is laruer than would be seen in f light, but. was used because 
of the extremely small column deflections observed in the usual anorcach flyi^o. 

The pilots were offered practice runs eaf h tine the aircraft's character- 
istics were changed, but after initial familiarization with the system usually 
declined and performed for data. 

Digital signals generated by the Xerox Sigma - B computer of the FSAA 
facility are customarily changed to analog voltages bv digi tal -to-anal og conver- 
ters (DAC's), for display on multiplexed strip chart recorders. The variables 
needed for the pilot describing function analysis were recorded directly from 
the DAC's: the 100 volt DAC output, was reduced to 1.414 volts (neat to neat) 
bv an amplifier, and input to an Ftf tape recorder. The recorder hootun is 
indicated bv the schematic 1 n Tigur" B-5. Seal inn for adeouate signal strength 
was accomplished within the computer, before output to the DAC. The liHtim 
of the input voltage t.o 1.414 volts maximum peak-peat (1 volt rms.t was recom- 
mended for minimum tape recorder distortion. 

Tape input signals were monitored with an oscilloscope durin'- record m . to 
verify the presence of data or the tape, and to ascertain proper seals 1 i r i 
.»u Id also be sent to trio chart ret orders for ' imu 1 taneou' . ’tun 1 . 
ron) f, M in- of all channel', . H-ure P-6 show fvpital history traces fne 

principal control system vat m! w". as they ipoear ■ r ‘ h ‘ *. *'• • >ar f recot'.. 
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comand ftp formed from and -he -irplane pitch attit/M 
Tre Slot, describin': function ip the ratio of the two crnv sner **•■»’ M- rr ‘ 
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and low-damped configurations. Both pilots in this study are Boeing instructor 
pilots experienced with large aircraft; pilot A, however, has corsidorubH 
more experience with simulator flying, Figures B- 1 1 and B- 12 are f ixed-based 
simulations . 

In general, the data all show essentially flat magnitude curves to about 1 
rad/sec, t hen an upward break followed by a sharp downward break at about h 
rad/sec, accompanied by increased data scatter. Phase ancle curves are flat at 
small anoles, out to about !j rad/sec, where a large amount o ( scatter booms. 

Some curves, such as in Figures 8- 8 and B- 14 show evidence of additional eauali- 
zation prior to the 1 rad/sec break. 

Some indication o f the significance of the scatter ;s obtained fror the 
trend of the coherence function, jo, plotted on each figure, f s discussed 
previously, a value ofjj - 1.0 indicates the system is completely linear; a 
valuejo = 0 means the system output has no linear correlation with the input. 

In the lata of Tigs. B- 7 through B-14 the value of *> is -'^nerallv ir. the area 
of 0.8S-1.00 at low frequencies, which indicates almosf nerfert linearitv, but 
decreases to nearly zero at higher fre(|iiencies. This indicates that above 
approximately b rad/sec, pilot response assumes a nonlinear £ om. and the 
linear representation of the data in magnitude and ohase curves lose c 
s i gni f i cance . 

This nonlinearity is in agreement with observed pilot behavior. p ilot 
column movement tended to be of small amplitude, rarely exceedin'.’ - 1 inch 
even under Rigorous pursuit tasks, and impulse-like, or hang-bano' as a 
relatively ' i xed ampl i tude deflection was imposed at v-iryinn interval of ti'"0. 

- Th e contrast between command liar deflection and column notion is shown ;r traces 

i and 1 of Figure B-6, taken from the present data. 

0 

1 It is convenient for purposes of discussion, ant essential for purposes of 

o 

’ pilot model synthesis, to describe the pilot frequency response curves m terms 
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of I p.nl and I ag dynamics .d various orders. Basic Boundary conditions on the 
pilot model are self-evident, and the work of previous investigators provides 
guidance on details. For boundary conditions we have: (a) pilot response must 

be finite at very low frequencies, and (b) the response must approach zero at 
very high frequencies. A single lead term, commonly used as a pilot model, is 
therefore an incomplete model because it fails to show how pilot response 
decreases with increasing frequency. Laq, therefore, must be nresent. 

In a very detailed pilot model developed in Ref. 8-3, the limitinu human 

neuro-muscular lag characteristics are assumed to be third order, of the torn. 

t 




Since all the data show evidence of a hiqh-order lao at about 5 rad'ser. 
the pilot model for this 5 tudy was assumed to be of the fori: 



\ 

•VL P 

+\j 

*( t h ^ -)rc^y- 

L. co K 

t-o ^ -I 


-Cf.) 


Use of this model requires acceptance of the fact that it does indeed 
des.ribe the data, while leaving unanswered the question cf the physical si - 
ni finance of the so-, ailed "nouronuiscu I ar damping ratio" , ^ or what, in fact, 
sets the neuromuscular break frequency - (O n • It ^ not known if pilot 
physiology alone ’S the controlling factor, or whether it is situation (i.e.. 
task) dependent or influenced hv such variables as pilot body n^tHude and 
rostra inf. Sore data will he presented later to show indications ^ 

.if these varnaM* * . 

The fori, of the 'buv • unld for V; ( u*) was ad lusted as required, to give 

a magnitude curve that, agreed with the ma.. nitude ,,f ° f Fr,C> - " ' 7 

through R- 14. In sore cases a large -mount of additional lead and lag v.as 


REV SVM 



NO 


page 148 




introduced, iir.to.nl nf the simple lead I shown in the- expression. TV- m l'-t'c 
time delay, r. u-.ii.tlly appearin') in models as e C j- , wan nr,* include-: K>r r 
because it could not be determined with any accuracy fror the phase rata. 
Additional lead and lag is viewed as equalization generated bv the pilot, tr- 
obtain adequate performance from the airplane, and it is this that we hope to 
eventual!/ relate to pilot rat inn. 

The ei lot models deduced in this way from the data o f rigs. 3-7 th.ouqb 
i3-14 are presented in Table B-l, and are plotted on top of the data to show 
the matches achieved. Also shown in Table B-l are the pilot rating given to 
the conf iquraf ion of each case on a representative landing approach task 
proceed inn tc touchdown. The simplest model that nave a reasonable f it was 
selected in each case. The following five points may be mad'* regarding t>e 
model s : 

1) The neuromuscular lag is relatively constant among all configurations 
end both pilots. 

2) The me, del lag was increased from third to fourth order to befte* 
match the perceived roll-off at the neuroruiscul ar break frooue-c . . 

]) Pilot load equalization generally occurred near the airplane sber* 
period natural frequent v. 

n) rgualization v. it inti in its dynamic characteristic-, from case ts 
i.ase, but remain *** 1 essentially constant, in form. 

r) In c,o,"e cases two forms for the equalization appeared equivalent-. 

Choosing the simpler led to the less damned, second order 'ead me lei . 
In other cases only th i - model can match the for" of the data. 

The lack of agreement between predicted and observed chase angles 'c 
come runs mav be due to insufficient higher- frequency sv-te" excitaHm . ►- 
additional low frequency mint, dynamics mt readily vmt b m the "•a-"- "■ l!# 
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TABLE B-l PILOT DESCRIBING FUNCTION MODELS 



TABLE B-l - Continued 



Fixed-base 


«o '.»»< i 001 » 


this difficulty. The general fora o f the pilot model is thus: 



us derived tv comparison to the data. with frenuencies and time orstarw 
adjusted to match each data set. 

pne of the principal uses of a pilot model is the prediction of oilot 
•'ati'os tv usinu model parameters, such a - t oual izat. i on time constants. Ir, 
this investigation an attempt was made to relate the characteristics the 
pilot models discussed above 4 o the pilot, ratings that were "Wen the various 
airplane configurations hy pilots flvino a landinn approach tast sir:ulation 
that, included iilideslopo rapture, maneuverin'! about the nlidesloDe, and touch- 
down at a desire’ll point on I tie runway. 

it lias teen pointed out in several references i.e.'i., 'efs. ?,-7 throuch 
R-0) that pilot euual izat ion parameters alone are insufficient to predict pilot 
ratings, and must be combined with measures of performance or wort lead. This 
fact was borne out by the data of the present experiment. 

In f i our e R- ] c is shown t plot of pilot rat. inn vs. the ti-e constant a* 

[he uririi i no 1 , se< oral order l"ad eriua I i/at. i on * ol the models 'r iatle f-I, for 


The time (onstant tor a second- order system with the c bar r. * er l st. i s esuat’On 


+ l > + = ° w T-- 
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each configuration tested. Noted at naraneters or Fin. E- 15 are a relative 
measure ol IrutUn., accuraiy.t . defired as root ".ear shear.. Ditch comma- i 
bar di sol acement , #, . Hi,W«l hr n,s dlideslore con, sard 'recall. fi1W« 

Mis.)*, • a” S a relative measure of workload , J . defined as the rms 

column deflection' Both aversions are taken over the lendth of the data sai l 1. 
and were taken dnrrno the fixed altitude describin'; function runs, not tne 
aboroach runs. The relationships amono the parameters o' Fie. :-16and the 
con f Mara t isns tested are tMrined by Table B-1I. 

Fl r, ir ,. a - 1 5 clearly shows that there is no direct oetw- 

, P| , t -oe,.. : , n -: -cunlize-ticr. tune constant. It also shows Mat two — 

i,’l;)t' r'-'-d •■» n t • on *’ l iiii mi ^ entirely d i f f eir on 1 1 '• 

p.-,.,. • u,r. MvdMKi i on* l'i'irat ; °n V, The sonMcnratM- wi- 

♦ t : . ■ . r \ t oM r< f l j poor ratirv:. but :-py 

h w;h • i t < f rd b* r.V‘M*Sm>U't rut ,0 vl<\ > rat O 1 *. 

... surod tr. the - .tir£ i-irr.ynd. parent W. 

v . lH ht do .-.n.ern ih..u* ,ont ml 1 1 i tv . The co«'M..rat Mn' - ; ’ 

dampim; and slnv; Stitch rat" response were rated t.O and A. ’* resoect w-1 > . 
no, ;,erfnr..ance defied. It UW. M -ese two cases tha* " r 
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TABLE B-II - PILOT PARAMETERS AND RATINGS 


Run 

Conf i (juration 

Pilot 

Lead 
T ime 

Equal i zation 
Constant, sec 

col 

rms 

c 

rms 

Pilot 

Rating 

OF- 17 

Basel i ne 

A 



1.33 

.43 

3.66 

3.5 

-18 

K*-j Ojs = 3-2- A 




1 . 56 

.35 

2.94 

6.5 

-19 





.40 

.34 

4.12 

5.0 

-20 

T o»AM : 2.0 fee 

i 



.66 

.82 

4.48 

4.0 

-24 

Basel ine 

( 



1.11 

.59 

4.10 

2.0 

-25 

Laj- ^ “ - ( L*> 

i 



1.91 

.67 

4.50 

2.0 
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An attempt was made to correlate- pilot rating to the variables ' 

and J . Figure 11- 17 presents the results of a multiple linear r ‘press i on analysis 
on the six data points of Figure B - 1 5 ; the best functional relationship obtained 
among the variables or their reciprocals is: 

-W3 -v + 3 .&& J + -(f) 

"f \_ «L 


As seen in Fig. B- 17, this expression fits the data of Pilot. A very well, 
while the data of Pilot C are not well predicted. It appears that Pilot C s 
data are suspect, but at the same time it should be noted that with only 6 data 
points the functional is only statistically valid to approximately the 90 
level, or below. More data are needed, but in view of Fin. B- 15, the correlation 
obtained is promising. 

Given a means of selecting T^, one way beinr the establishing of first 
order dynamic characteristics near the pilot-airplane open-loop crossover 
frequency, as discussed in Ref. B-3, prediction of the pilot rating fror an 
airplane model would follow from excitation of the closed-loop compensator, 
system by a random input, and measurement of the variables j andc that resulted, 
followed by the use of a pilot rating functional, such as Eg. 1 5) . 

Once this technique is explored and verified to a sufficient statistical 
confidence level, it may prove useful in choosing between candidate aircraft 
control system designs and allow a large number o f systems and failure- nodes 
to be screened before piloted simulator analysis is undertaken. 

Conclusion s 

Based on this study, the following points can be made: 

1) Pilot frequency response characteristics display rroroum.ee high- 
order lag (4th order nr greater) and lead or lead-lau equalization 
which is usually second-order and is configuration-dependent. 
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2) The lag character! st i c s are essential], c ; * /a f+ rii.r, •: # hi- 
and configurations tested und are assured t' ri.-iP-jnf himar- 
neuromuscul ar phenonen t . 

3) Comparison with other published data suggest. 1 -. 'ha 1 the m- joj : <us' -j l.:r 
lags are dependent on controller type 

4) Nonlinear, "bang-bang 11 control active-, • » i n-.t**' : *t ed he /end 
the neuromuscular t-reaL * reg ;en>. *. 


5) 

Tra:king performance, c 

o n t ro 

• ! ■ e 1 1 j l t v , 

f 4 i it P,n » 

sara f ■ ■ t > < ■ : f 


and pilot preferences f 

ire t ^ 

j' ; , r i r i ' - 1 

. >r ’ it 1“ i* *'■. 



rat ’ ng . 





6) 

Good agreement was obt. 

1 1 n ed 

with r-hv/t . 

*-'i Mtr! JSir- 1 ' a 

1 } n e \ r n j ' re s 


sioi model to prod i i f . : 

• 1 ot 

rat i no , : 

■ * he : r • 1 sen * d < 4 

' ; P-lSO ’ 4 


sma 11 to < i ve suf t i ( i t s ta t 1 s t o ■ ■ ■ « * * i -h-r , • 1 »* jf - 1 *. 

7) Only small differences were cbser,-: :r‘wpf-: r -*l t ^-siueM * VM< -;on\ 
on moving and fixed base , v u 1 ; t( rs . 
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APPENDIX C 


WIND AND TURBULENCE MODEL 

The wind and turbulence model was the same as that used for all evaluations 
of the YC-14 at the same simulation facility as used for this study. The model 
is based on work done under contract for the Federal Aviation Administration 
by The Boeing Company (Reference 7). This work was specifically aimed at 
developing wind models for simulation studies. 

Basic parameters that define the wind model used for this simulation 
study are presented in Fiqures C-l through C-4. 
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APPENDIX D 


PILOT EXPERIENCE 

Pilo t "A" is a pilot for The Boeing Company. He received his flight training 
while in the U. S. Navy anG was in the Navy for three years. He has beer 
The Boeing Company for 25 years, working as a flight test engineer for the 
first five years and as a pilot for the remainder. He was the B-52 Project 
Pilot for all phases of the flight test program and has been a test pilot fer 
various types of testing on various Boeing airplanes (707, 727, 737, and 747). 
His 8500 hours flight time have been almost entirely in large subsonic aircra f t. 
Also, several thousand hours of simulator experience, i ncl udi no both moving and 
fixed base simulators, have been obtained. Presently he is Senior Engineering 
Test Pilot and Senior Instruction Pilot for The Boeing Company, as well as 
a NASA consultant on the Shuttle-Orbi ter Program. 

Pilot "B 11 is a NASA research pilot and a graduate of the USAF Test Pilot School, 
with 16 years experience as an Air Force test pilot and 8 years with NASA as 
an aerospace research pilot. His flight experience of 12,200 hours includes 
over 2500 hours in heavy, multi-engine jet aircraft (B-52, B-47, B-58, *B- 7 C, 
C990), 640 hours in medium multi-engine jet aircraft (B-57, YF- 12), and 750 
hours in single-engine jet fighters (prii n arily the F-1Q4). He has flown several 
flights in the Concorde. He has about 300 hours of simulator expedience 
(including VIOL, ST0L, Concorde, B-2707, AMST programs). u e is presently 
pilot for the YF-12 and heavily involved in planning and simulation studies c* 
the B- 7 47 Shuttle Program, flying approx imately 3C-35 hours oer month. 

Pilot " C" is a Boeing nilot with his training received in the »> . S. Navy. 

Flight experience consists of 6000 hours, r nst of which has beer, ir large e* 
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transport aircraft. As a Boeing tost pilot he has conducted power plant j 

performance, stability and control, flight load survey, automatic pilot, | 

structural dynamics, and system testing or, all Boeing jet aircraft include' 
the B- 52 and KC-135. Presently he is a senior engineering test pilot, and is i 

project pilot for the 737 model aircraft. He has also worked on NASA contracts ^ 

such as the Supersonic Transport Simulator, low-speed hardline qualities ; 

evaluations of large transports, steep approach studies, noise abatement i 

studies, and boundary layer control development work, all conducted or- the 
Boeing model 367-80. He was project pilot for the Augmentor-Wi rg Buffalo ard ! 
has participated in preparation of the design proposal for the Quiet Short-Haul 
Research Aircraft (QSP.A). 

Pilot "D" is a Boeing pilot with his flight training received in the Air 
Force and from the Navy Test Pilot School. His flight experience of 6600 Hours 
! includes approximately 4000 hours in large jet transports and approximately 
| 20 hours of supersonic flight. He has about 400 hours of moving base simulator 
j experience distributed over various research nrograms. Presently, he is the 
project pilot for the Carrier Aircraft Modification program and the assistant 
chief pilot for the experimental 747 programs. 

Pilot "E" is a NASA research pilot with his training received in the larinc 
Corps. His flight experience of 8200 hours includes 2500 hours ir fi ghter attack 
jet aircraft and 3200 hours in large jet transport type aircraft. u is 
simulator verier, ce is in. excess of 750 hours in all classes o' ai-cran 
(mostly large transports). Presently he flies approximate!, 30 Ho^s Per 
in his capacity of a NASA research pilot. 

' pno t "F 1 is a Boeing pilot with 7 years experience in ' ' r Force dr6 
’ years with The Boeing Company. His flight experience o* M.T. Hours -c'.^es 
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some supersonic time (T-3B and F — 1 05 ) dnd considerable time in the Boeinc 
production aircraft, (707, 727, 737, and 747). His simulator experience 
includes involvement in the initial SST handling Qualities studies and t r e 
VC-14 program. He has approximately 200 hours of moving base simulator 
experience. He is presently a production pilot with The Boeing Company, 
flying approximately 40-50 hours per month. 

Pilot "G" is a NASA research pilot and a graduate of the Air force Test Pi let 
School. His flight experience of approximately 4000 hours includes 1000 hours 
in single-engine .jet fighters and trainers (F-100, F-104, T - 3 3 ) and 2S00 hours 
in multi-engine jet transports (C-135, C— 141). His simulator experience 

I 

I 

j includes 100 hours in the FSAA and ARC facilities. Presently he flies 

i 

: approximately 40 hours per month in his capacity as a NASA research r t i c t, - 



APPENDIX E 


i 

RUN SUMMARY 


i 


i 


REV SYM 


SttJJF/A/C: U 


y- 


I • A , I 


169 



4— ’ 



4-' 





CO 


■•“ 



aj 





CD 


4J 








CT> 


i — 



i 





c 


-O 








T) 




J 

00 





XT 


x 


'r^ 

. *: 





O 


c 



C 







•f— 



or 





CD 


c: 


V 

_u 





TJ 


•r- 


Q 






73 


TJ 



3£ 





4-> 


4 — 1 


CD 

O 





■r- 


X 


1 — 

r 





4-J 


■i— 


CT 

i 





i 


*o 


c 

TJ 





to 




OJ 

C 


< • 

rj 







CO 



a’’ 


t ■ - 


X~ 


.x 



•r- 

X 


TJ 

>1) 

•f— 


X 

TJ 


C. 

-r- 


■r~ 

•a 



X) 

C 


L 

co 


4~> 

tj 

_ 


i J 

TJ 


TJ 

aj 


■r“ 


cd 





TJ 

TJ 

C, 

c 

■ r- 

t — 


X 

4 -* 




T3 

■1 — 

4 J 



O 

CT 


#-- 

c. 

-O 


* — 

o 


U 

\r. 


TJ 

T> 


V- 


X 



•r~ 


C 

.c: 

O 

o 




oO 

i 


■ r — 

-4 J 

C_ 

W- 

CD 



V 

' >■ - 


TJ 


CD 


c 

TJ 


CD 



3 

ID 

KJ 

oo 

c 

a. 


‘> 

r- - 


4 » 

X 


CD 

o 

LO 


.3 

CD 


>i~- 

O 


4--J 

JT 

1 


CD 

r> 


C 


l: 

TJ 

TJ 

TJ 


C 

a: 


c. 


• r- 

c 


kj 


T5 

r 


O 

r ■ 

n 


O 



; 




a 



+ * 

% 

TJ 


c 



c 

O 

5^; 


4> 

CD 


■r 


'■4 

4 > 

i. ■ 


T. 

■ — 

CD 

t" 




C.‘ 


4-J 

-D 

r - 

Cl 

•r- 

<. < 



o 

o 

4 > 

"O 

■ i — 

CO 


• 


. *_ 


4- > 

CD 

X 

n 

x 

X 

< • 1 

oO 




oo 

•TJ 

tj 

•r~ 

o 


.X. 

TJ 

f — 

CD 


tr 

*...) 

■v. 

4 

4 ’ 

1' 


TJ 


a» 


k/i 


X 

■T? 



c. 

•f— 




r » 

Cl) 




■ r- 

4 > 

£J 

x 


X' 

7i 

CD 



J 


J 

o 

•r- 

■!-- 


C.” 

L 

:D 


aj 

O 

_> 

4.J 

c~ 

CD 

TJ 

CD 

,'j 

4 > 


c 


-a 

a 

. — 

i 

CD 


■r 

o 

4-' 

o 

4~> 

TJ 

X3 

o 

4-J 

i 


L/O 


1 ) 

<r> 

X7 

3 

X 

CO 

4 ’ 

c 


CD 



x> 

o 

•r— 



o 

TJ 


TJ 



X 

TJ 

L 


- 

C> 

6 

<D 

C 

d‘ 

4 1 


-r 

a' 


4-J 

CO 

O 

O 

r- 


<D 



TJ 

:j 


CD 

X 

*— 

TJ 

4-J 

C.J 

(D 

a; 

> 

T) 

CD 

4--J 

sr 

nr, 

TJ 


Ci 

CO 

CD 

TJ 

" v 

(./) 

> 

T 

rv 

r 

(/> 

" ■ ) 

f'l 



QJ 






oo 






■ r— 






o 






aj 






T 






n 






o 






o 






4~> 






4-J 






o 






c 

t; 

cO 





<D 

.X 




1 

C 

L 





; . 

<T' 




CD 

CO 

: : 




TJ 

C 





73 

•» - 

7 




4-J 

'ij 

c 




•r- 


•r- 




4 — > 


D. 




t 

c 

" J 




TJ 






C7 


X 




C 

T* 

C7 




•r— 

T 

."3 




CT 

<_) 

cJ 




CT 


4 > 




TJ 

•k. 





sz 

•r 



T.J 

oo 

CJ 


.j 


X 

aj 


u 

T 


TJ 

D 

c 

TJ 

4 J 


5. 

X 

•r- 

t' J 

D 



o 


r- • 

r> 


r - 

’4- 

T » 

_M' 



TJ 


TJ 

D- 


cO 

X. 


o 

CJ 

X 

X 

4-J 

o 

r — 


o 

<D 

c: 

■r— 

-V' 


4 ) 

c 

o 

4-J 

X 

4--> 

T> 

C 

x> 

CO 

o 

c> 

TJ 

cl’ 



£ 

- 

*4 

«yj 

X 

X~ 


•r 


i/j 

‘D 

r - 

4-J 


TJ 

T! 

4-J 

•r— 

o 


TJ 

LJ 

•*-- 

sz 

r— 

X" 

o 


C... 



c 

. — 

X 


- *■ 


■r— 


w 

to 



}: c t 

O TT 

r. .n c: 


i: cxl a i 

O XI TO 


J ^ 0 0 L« S U o A 0 0 ^ .* J U c3 p Li 
JCU D. DVC ! ;aP^ LUO 







pitch rat; overshoo t ratio vari; 




CO M ME'JTS 


C in . — 
■r- <D 

CP CL 

<d t~ o 1 

+ ■> 03 4 -‘ 


O CD *S) 
-4 » L r ' C- 
L. 3 
<d O 


m 

cu 






03 

<U 

TJ 

c 





V- 

Cn 

CJ 

o 





o 

d 

4> 

• r — 





L_ 

<d 

• ( — 

4—4 



a 


■r— 

a 

4-J 

<n 


o 

•4-- 


a3 

u 

4~> 



> 4 





<TJ 

« — 


Q_ 

~a 


d- 

<v 


-r- 



<L) 


a> 

"O 


o 


( 4~ 

a 


CT 

=5 

a> 

LT> 


o 

CD 


d 

4-> 


O 



CD 


a> 


-r - 



4-> 

<= 


LO 

4— > 

l/l 

xr 


C_ 



1/1 

— 

CD 

o 


o 

i/t 


03 

03 


4-> 


(S> 

CD 


CL 



-« — 



"O 



S- 

CL 

Q. 


(V 

3 


s_ 

o 

<14 



c 

4-> 


o 


<D 

"O 


O 

•r- 


<4- 


-V 

• , — 


in 

4~> 



t/> 


o 



4-> 


>- 

cu 

O 

> 


in 

aj 


^iz: 

4-> 

4--> 

<7) 


Ci 



CJ 

<T5 




<d 

X) 


3 

S~ 

x> 

a 


..c: 

C 


O 


<1) 




03 


4_J 

Q. 

S- 



CD 




rj 

•r" 

'O 


r. 

<o 


O 


3 

04 



<D 


O 

c r. 

c r 

c 



-4- j 


4_J 

c: 

<D 

■r 



03 



•*— 

s_ 

3 


< i 

C 


1 

4-> 


c 


c 




4-> 

1 — 

0) 


a> 

r • -. 



aj 

o 

V 


r > 

u 


> 

oo 

V. 



L 

- (-■ 


C 


4-J 

u 


aj 

r 


U 

c 

c 

oi 


4 1 



3 

-f— 

o 

o 



fd 


<J 


o 

*— 

un 

t ! 

4 » 

1 /> 

4 - 1 




d 

o 

C. 

<d 

- 


x: 

C_ 

a> 

CJ 


C’ 


, — 

u 

o 

> 

t : 

X 

e 

i — 

J 

4-i 

> 

3 

1/4 

L 

03 

a 

U 

•*— 


a) 

i- 


XT 

s_ 

• r — 

CL 

4-> 

c 

aj 

t 

CJ 

4—! 


cr -Q "o 

■n- O 03 

r— V- O 

uo n_ „ j 


o o o o o 






DATE Rl'ii PILOT PILOT COMMENTS 

NO. RATING 



I - 




REV SYM 


n « .f 


175 






i 

I 






PILOT COMMENTS 

RATING 



ittle hiijh - especially at hiqher bank anqles 
















Aork'odc hiqh rn-lowina any nodes* contro 




-O 


L 


, 



CO 


a 


l/i 



•f — 


+ * 



<u 


CJl 


O f 1 


■1; 

to 


cr 

.£1 

x m 


<A 

x 


13 

CO 

•r- «,J 


X. 

o 


r - 


CO 


O 

r "! 


i_n 


T V 



CO 



o 

r: 0; 


CO 

<u 


v/1 


4 J 


<U 

X 


x 

r - 

' + 


X 



x 

i/i 




O! 


■ r 


o 


QJ 

O 


+-J 

>. 

-- a' 


O 

13 

x~ 



L'l Li 

»■ 

!> 

4-> 

in 

<1J 

<±> 

„ c J 


4- 1 

r- ■ 

•«~ 

1 . 




• r 

+ * 

c;. 

X 


1/1 U"> 

a» 

4 J 

r— 

O' 

O 

<0, 

X X 

c 

r — 

T) 

ra 

o 


X ’ ' 


a 




£ 

LX « 

o 


XJ 

IA 

aj 

O 

CO * - 

o 

o 

c 


c 

Cl. 

a 1 * ■ 

4 » 

cr 

'U 

j ^ 

no 

1/1 

X 


r n 


1 O 

« — 

<u 1 

4 l 

* J 


.Cl 


Cl 

X 

•— C 

X 

a 

4- 1 

j+j 

x 


o o 

Mi 

XI 

•TJ 

I 

■f~ 

0/ 

x : 

■#- 

X 

11 

, to 

'Xi 

"O' 



X 


•r- 


"3 

| X X 


: x 

4 J 

! J 

i 


I ° 


XI 

£1 

i o 


•#— 



cl; 


, o 

x 

4- -> 

i 1 j- 


X 

r ' 

l ‘XJ 

-r - 

r- - 

l r 

x 


< 


rrj 

"3 



i 


, ^ 

4- 



X 

4. > 


, rx 


O 

( «r 

o 

-a 

X 

o 

o 

C 

| - ’ 

'♦ 

I! 

LO 

r — 

c 

<T> 

1 



■r 

. to 

•f 


| * ^ 

■„ 

*> 


a* 

_X 

X. 

]•• ; f* 


c 

1* 

T> 

o 

x> 




0 

1 . 

'O 

4- * 

1 X X 

< - 

-r- 

. 

if — 

x 

>r ■ 

, O <L 


r- ■ 

l/) 

‘c: 

f ■ 

C\. 

i . J *• J 


X_ 





M04F/A/O 


t 


R£V $YM 







CD 



CD 




JkC 



a 




03 



O 




E 



• — 






<d 

on 




CD 


X 

QJ 




on 


3 

33 




CJ 


4-J 

■ t - 




O 


O. 

, — 



o 

CO 


03 

c r 




on 






4-J 

CD 



'4- 



3 

X 


1) 

o 



XI 



Cl 







O 

o 


x: 

** 

CJ 


i — 

x 


c 

X 

4— > 


00 

•r— 


-r 

in 

•1 - 


o> 



X 

•r- 

CL 


X? 

<3 



a 



■ 1 — 

■ O 


o 

X x 



, — 

X 


o 

3 

6 


cr 

4_j 


4— > 

in 

■ 


4~> 

4 ■> 


4-> 


■o 

CD 




X 

CD 

c 

on 

3 



<1J 

in 

03 

03 




■ r— 

C 


a 1 




33 

o 

on 

X 

<4 



'3 

Cl 

a 

x> 

'•4' - 

■4 


X 

on 

'3 

X 


*. ) ■ f — 


CT 

CD 

X 

•r 

T3 

G U 

x 


X 

o 



O 

a 

CD 


X- 

rj 

O 

XL O 

r-.i 

O 

Cl 


03 

4-J 

in 4 > 

•r- 

X 

4 — * 

x 

c< 


X 

r ■ 

o 

03 

X> 

1 — 

CD 

<D 03 

03 

x 

C 

4-> 

-* 


> 4~» 

X> 



■ r- 

X 

o.J 

O <13 

O 

x 

4 — * 

Ci. 

o 

V 

X 

r 

5_- 

SC. 


:c 

Of 

cj a 1 


“3 

C7 

X 


TJ 

Ll X3 

T3 

< — 



v 

o 

o o 

c: 

o 

i — 

■ r - 

c 

•-r - 

1 /-» -v 

<n 



nr 

X 



• 1 — 

CD 


4-J T3 

a 


n ^ o 

o 


03 O 

f — 

4 > 

O CD r- 

on 

4 

, — , — 

CD 

03 

-X 4-J >■, 

T3 

X 

X 4-J 4-J 

■r~ 

u 

o -r- 4-> 

r 

X 

3: r ■ CD 

X 




03 

'£. <~3 O 

CT <D 


o 

C CT 

, — 

r— X CD 

• i — 03 

03 

X on 

03 X 

<D <D 

t Q; X 

r— ai 

o v 

o 

o > 

X 

03 CL 

X 03 

<L 'O 

on 03 on 

4- J 


03 X CD 

>-. O CD 

3 X 

CD X 

o > 

X --- 


r XL O 

X 

r 

e 

h 

3 on Ci 


ed good 











FORMAL OPErA 




O 













o 

4-J 












4-> 

t ~ - 






CD 







cd 






X 





Li 

CD 

4 



X 

X 


X 





O 



o 


O 

01 







4-3 

■*— 

<D 

o 


4~ 



CD 





to 

• — 

u 

i-) 



ij 


c 







X 



>> 

L 


■r- 





o 

t > 

o 

x 


X 

•r 


4-3 

CD 




4-J 

» — 

4 

■r— 


O 

tO 


c 

Q- 





CD 




X 

..'3 


13 

O 

CD 



4~> 

4 

X 

X 


u 

03 


X 

, — 

x 



i — 


1/3 

» — 


o3 

(...) 



to 

03 



D 

i 

73 

.13 


4- 



o 

CD 

, — 



U 


C 1 

CO 


</> 

CD 


c 

“O 

4 

X 


•r~ 

X> 


CD 


■r— 

to 


‘t3 

•*— 


to 


4- 

Cl 

CD 

X 


4-' 

C 



, — 

L. 



4- 

_3 




03 

O 


cr» 

c: 


** 


■r- 

X 

• r-- 

X 


to 

n 


X 



- * 


"O 

.O 

-X 

o 



to 



Q3 

X 


cr 


rr* 

}; 

c: 


a; 

CD 


r — 

X 

o 

, — 

c 

4 > 





X 

1 


, 

X 

4 > 

(/I 

,r “- 

*r- 

to 

' 

TD 

43 




o 


03 


-V 


x 

+ > 


CD 

T3 

X 


X 

CJ 

> 

to 

x> 

CJ 


X 

"O 

cn 




X 

c 

CD 

03 

03 

X) 


CJ> 


c 

13 



e 

< r— 


X 

X 

03 

r - 

•r- 

X 

03 

o 

c 


o 

X 

a* 


4—* 

£1 

C J 

r' 

73 

XT 


03 


o 

o 


cd 



X 


X) 

U 


r 


X 

03 

4 

to 

CD 

X) 

4-' 

LJ 



X 


o 

CD 

X 

O 

X 

— 

03 

X 

O 

** 

X 

° 

U 

03 

> 

4-3 


o 

■f— 

O 

o 

CD X 

X- 

4 — 1 

-r— 

4-3 

O 

o 


r; 

X 

x 

' — 

t ; 

(.) 

o 

03 



, — 


CD 

X 

to 


olid 








WIND & TURBULENCE RUN RUM 


CD 

Cl. 

•»- 03 

On 

CO 

CJ 

C 

CD 

>', u 

x 

d 

d 03 

JO 


O CD 

o 

CD 

4— > d 


-a 

u 

CD 

03 

X XT 



4- C 


*r— 





4-> 

CD 

a 

4-> 

d 



<D 

CO 

£ 



03 

0 3 

cn 

c: 

•r— 



CD 


o 




CO 

d 

*r— 

r 

CD 


cn 

cn 

03 

a 


X3 

X) 


X 



XJ 


X 

X 

c r 



O 

c 

CD 

i — 

o 

03 

Z3 


(J 

u 

o 

<z 


JZl 

X 

-Q 


o3 


4—1 



<D 

X 

X 





o 

d 

cn 

-F— 


CD 


JO 


d 

r: 

X) 

l/> 

4—* 

o3 

4-> 


O 

o 

CD 

4-> 


o 

+ j 

i — 




. — 


c 

tz 

CL 



4~ 

03 

Z> 

4-3 

XJ 


03 


cu 

CD 

o 

d 



Cl 

O 

o 

O 

4-J 


CD 

1 — 

« — 


CD 


J1 



cr 

O 

d 

XT 

d 

o 

Z3 

C/3 

on 

JZ 

CP 

4-> 



cn 

CD 

Cl 

X 

JD 

-Cl 

CD 

d 

4-> 

• r - 

.C" 

c 

CD 


■r— 

X 

t — 

d 

d 

XT 

03 

x 

JZ 

c: 

o 

d 

~o 

XT 


4- 

z> 

3 


f 

CL 


• r ~ 


CD 

c 

o3 

XT 


4-1 

4—1 

, — 



4-> 

t — 

4-1 

5 

03 

d 

4—* 

C 



CT3 

OJ 

4—1 

t — 

4- 

03 



cn 

X 


O 

O 


re co C 
o o o o 


jr cu 

:>•> x cr>4- >, 
d 4-1 T- d 
O r— (D O 

4-» O 4- O 4~> 

O 4-> d u 

tT5 XT O X 

4- X3 i — 4~ 4~ 

in <D O cn 

•r- £ JZ JZ 'r- 

4-> O) CO 4-> 

03 (U O J fO 

(/) w -p a. uo 




o o 

4 03 

OO uo 


o 

uO on CL) 

o. cvi i/i 


o Pitch changes to track qlideslope about 1 
more than desired 

o Flight path response slightly slungish but 
sati sfactorv 

o Column forces and altitude response were 






LANDING APPROACH (NORMAL OPERATION): PILOT COMMENTS 



o Light forces 
o Over responsive 

o Tendency for pilot to over control longitudinal 
axi s 



! 



REV $YM 


. 8-fps 6 June 16 C 2.0 o Easy capture and tracking 

t 24 o Very low workload 

m / sec - o Good control, column forces, and altitude and 

flight path responses 


June 17 C 2.0-C o Glideslope acquisition moderately difficult. - 

slight overshoot 

o Tracking glideslope moderate workload 
o Pitch gradient a little high 

June 18 C 3.0-F o Large pitch changes required to track glideslope 



High column force required for given pitch ra 









& TURBULEMCE 
















M CQ P 

3: cc j* 


CT to 4— _CZ 

CT O to 

CT C •— CP 

O •<- 4J C cr 

4- to *r— CP 

L-> 3 *r- 4. 3 

O x 4~ 3 •— 

O <D X in 

sr. x 43 

CO CD O 2 CD 

4- w fi) o t/) 

CL) <t) 4. c: 

> <D ft) O 

o i- _c cl 

<j u a) <o 

o c cz 3: cu 

4-> O CP o 4- 

*•- <r cl 

4 > X *c- 4-> 

CJ -f- ft) CL . — M— 

c to o E o *t) 

CD *» — r — rO 4- t- 

X) 3^T3 P CJ 

C CT X £Z 4. 

CD O O O O 

l — <3 ^2 4-> o <C 

o o o o 


o 

CP o 

cz 

•r- CL 
CL. 

E -a 

ft) rd 
X -v-> lO 

'» cz 
a; 3 o 

> CO 


CP 43 CL I 
a) o Q 
c xrr o 









O 









43 




a> 









3 





E 




■a 





cu 


c 







cu 


o 


cu 

X 




co 


•»— 


Cl 

c 





X 

L> 


O 

ft) 




cu 

CD 

•r — 


• — 





1 — 

X 

CO 


CO 

aj 




43 

43 

-r- 


CL 

i — 




43 

O 

3 


X 

43 




0 


CX 


•*— 

4 . j 




4. 

X 

U 

X 

r 

O 




SZ 

O 

<t) 

ft) 

o- 

4_ 




43 

ft) 


O 


X 




1 

CD 

4- 

r 

CP 43 




O 


cu 

03 

CT 

i 




43 

X 

fNl 

4- 

-r- 

o 



X 

3 

43 

*r— 

o 

J3 

43 



O 

ft) 

*r— 

t 

3: 

u 

3 



O 


2 

ft) 


<X) 

ft) 


CD 

CP X 


o 

2: 

V- 



X 


C 

CP 

o 

o 

4 > 

4- 


ft) 

cu 

ft) 

cz 

■ — 

*— 


O 


* — 

(O 


-r— 



>> 



4~ 

c 

X 

4 . 

X 

x 

4-> 

X 



0 

0 

u 

c 

4~> 

» — 

o 


c 

CL 43 

CD 

ft) 

‘r— 

3 

*r— 

<o 

•r— 

CO 

u 

4- 


2 

a 

43 

aj 


cu 

<u 

C 

a> 


■r- 

O 

CP 

e 

4- 

4_ 

CD 

CL 


ft) 

c 

C1J 


‘r- 

4-> 

o 

<o 

*4- 

X 

ft) 

t — 

43 

X 

C 

• — 

ft) 

*f— 

<u 

X 

-Q 

*4— 


■r— 

CO 

<U 

X 

43 

o 

O 

<3 

43 


<D 



cz 



4. 

X 

a) 

X 


CU 

•*— 

E 

Cl 

CJ 

CT 1 -Q 

•r— 

CO 

X 


•r~ 


4- 

*r“ 


i 

ft) 

o 

o 

4- 

O 


r — 

0 . 

CD 

43 

5“ 

43 

43 

- 

< 

Ll_ 

43 , 

O 


o 



O 

O 

O 



KJ> 










CO 



X 




a> 






X 







1 



•r— 


CD 

c 

•»— 





CP 

X 


(J 

•*— 

, — 



CU 


c; 



C 

ft) 




CO 


*»— 

X 


CD 

43 

x 



T> 


-V 

na 


. — 

43 

r 



CJ 

-SC 

u 

0 


3 

fp 



4 ' 


CJ 

ft) 

f — 


_Q 


O 



JD 

3 

S- 

JL 


U 

0 

2 


■r- 


E 

43 

X 


3 

43 



rj‘ 

3 



0 

c 

43 


1 


X 

43 

43 

X 

2 

c 


s_ 



3 


O 

e 


•r— 

4 - 

CD 



r- - 

O 

c 

a) 

1 

43 

O 

2 

u 


CO 

C. 




c 


0 

ft) 




1 

c 

co 

ai 

E 

X 

4 . 



d 


O 

±J> 

43 

■* r— 


3 


c 

ft) 

X 

■r— 

to 

43 

43 

, — 

CJ 


CD 

.rr 

ft) 

4 -> 

3 

<D 

u 

0 

CJ 


> 

43 

0 

*r~ 

cr 


-r— 

S- 

t) 

4 - 



» — 

CO 


43 

> 

43 


C U 

CD 

43 

JvC 

‘r— 

c 

tz 


X 

Or 

2 

CO 

cz 

4 _ 

3 

43 

ft) 

CO 

0 

X 

O 

0 

QJ 

O 

X 


43 

CD 

CJ 

>r— 

CL 

0 

d 

2 : 

CJ 

a> 

CO 

cr 




X 

cu 


ft) 

3 

X 

O 

43 

C 3 

r 

10 

C4 — 

CT 


X 

0 

U 

£Z 

ft) 

O 

CD 

4 - 

*r~ 

CD 


CJ 

CD 

CD 


4 - 

4 - 

■ r— 


X 

+ » 


X 

■r~ 

43 

43 


X 

CU 

O 

. — 

CO 


U 


CZ 

43 


10 

. — 

3 

cu 

a 

•r- 

X 

O 

4 — 

cu 

ft) 

CO 

u 

4 . 

c 

4 

CD 

CJ 

m 

i — 

cu 

cu 

■r~ 

•r— 


4 

4. 


4- 

43 


X 

4~ 

3 

X 

3 

■r— 

CD 

CJ 

43 

CJ 


4 

X 

c 

<0 

CO 

4 - 

4 . 

■*— 

c 

. — 

' r~~ 

CD 

ft) 

C. 

CD 

O 

*r— 

1 

-r- 

ct 

X 

i_ 

1 


X 

E 

•t: 

0 


0 



0 

O 



0 




4-> 

CL 4> 

CD U 

CO ' ' 


CL - ^ 

V ° 

< a» 

• CM \ 

o . e 










o 

£ 

O 



REV SYM 


4U9M/A/0 


Altitude response sluqnish 



u/f OittO 0»i i OOl * 10 


r 


I 


T 


T 


i 



10M/AS 0 


REV SYM 


PA .1 


1 9 C > 














WIND & 

TURBULENCE date RUN PILOT PILOT COMMENTS 

, n ~kts^(rms) *iq. RATING 





v>! 


r\J CO 

a ' 

1 

REV SYM 

mm*/*/** 




]% 


rackinq adequate, sore cevid 
ontrol durino cross wind land 

























APPROACH AND LANDING (MINIMUM SAFE CONFIGURATION): PILOT COMMENT 


0 




cn 





X 

CD 




*r— 

x 


CD 


Cl 

fT3 


1 — 


E 



•1 — 


m 

CO 




X 

4-> 





O 




X 

O 


00 


0 

X 


\ 


0 

co 


XT 


Cl 

X 





a) 


£ 


* 

> 


0 


-X 

0 


X 


CO 



4 ■ 

X 

♦« — 

1 



O' 

Cn 



>, 

*1— 

cn 

4-> 


<n 

-x 

25 

1 — 


3 


r — - 

25 


r6 

X 

00 

O 



rO 


•» — 

CD 

4-> 

O 

CD 

<4- 

XT 

4- 

* 

VO 

4- 

25 

*1 — 


X 

■r- 


X 

X 

0 

X 

-r— 

X 

0 

CL 


X 


3: 

CO 

CD 

cn 

0 


a> 

X 

xi 

4~> 

1 

X 

25 

E 




4 > 


>> 

on 

-c> 

Q- 

X 

U 

X 

u~ 

<n 

CD 

X 

■r- 


0 

4-> 

<D 

_vc 

X 


X 

X 

CJ 

0 

00 

CD 

X 

<T5 

X 


CD L. 

'>(— 4-3 <f 


UJ X 
O 

Q — l b 
2: Z) OO 
^CQ P 

cc 2*: 

P * 



REV SYM 


■V 















CD 
c: 
O 5 




REV SYM 


30 Sept 33 F 6.0 o Tendency for an increase in deceleration 

as A/C slows (at ~130, marked at 125) 
o Tendency to pitch-up in stall situation 
and when thrust is applied 


1 








CD 




, — 




O •— 








C -r- 


r 


03 



d 

CD ~a 


o 


4-> 



CD 

■ — 03 


d 


on 

cr 

d 

4-> 

D CL 1 


4-3 


CD 

o 

CD 

c 

-O d 


c 



♦r— 

> 

CD 

d 


o 


O 

■4— > 

o 


Z3 O 


o 


4-3 

-r- 

O- 

O 

4—3 4-3 





"O 


4-> 



c 


d 

Cl 

> — 


c -- 

d 

CD 

CD 

CD 

o 

o 

d 

‘i- o 

o 

CD 

on 

3: 

o 

d 

*«— 

d 

-f— 


C7 

o 


4-3 

03 

CL 4-> 

4-3 

4-3 

o 

Q 

t — 

d 


Z3 C 

03 

CD 

O- 


, — 

o 

_d 

o 

d 

JD 

oo 

, — 

03 

o 

4-> 

-d CJ 

CD 


CD 

C 

4-3 


O 

u 

* — 

CD 

d 

d 

on 

, — 

o 

4-3 4-» 

CD 

. , — 


4-3 


03 

E 

-r- C 

U 

. _Q 

4-> 

cr tz 

O 

d 

on 

C. CD 

L3 

03 

4- 

O O 

4-> 

-r— 


•r— 

03 

d 

<n 

a 


X3 

d 

o o 


•f— 

d 

4-> 

C 

D 

03 

4-3 -r- 

4-> 

on 

o 

SL 03 

d 

4—3 

SI 

*4- 

4~ 

<1) 

d 

O d 

33 

-r— 

4-> 

>>4- 

03 

■o 

•r— 

Z> CD 

-4-> 

cr. 


O D 

d 


03 

O 

a) 

c 

4-3 

d CO 

U 

c 


C CD 

d 

o 

» — 

CD 

d 

03 

"O 

CD O 


r 

Z3 

*0 4-3 

-r— 

xr 

c 

O 

c 


a 

c o 

03 

4-3 

03 

>> 03 

4-3 

CD 

-f— 

CD d 




« — 


d 

1 4- 

4-3 

-d 

CD 4-J 

. — 4-> 

>n O 

*4— 

07 

on 

ft) 

c: 

03 4- 

a 

£ 


d -r- 

•f— 

, — 

a) 

C 03 

c 


T3 

CD 

, — 


E 

-r- d 

CD 

on 


1 — 4-3 CD 

-O 

CD 

CD 

Cn O 

“a 

“O 

CD 

• — 03 d 

03 

d 

> 

d d 

e 

aj 

d 

03 OJ CD 

4-3 

O 

O 

03 **- 

CD 

CD 

O 

4-> d _d 

on 


E 

21 03 

h- 

- 


07 <J3 

CD 

o 


O 

o 

O 

O 

0 

0 



O 

- Li_ 

i 


LT) 

'TO 


4-> 

Cl 

OJ 

oo 


CD 

OO 


07 l_> 

O.C4 <v 

^ C\i 0*1 

^ ^ E 


LH 

OJ 


1.0 


f I 




MO 


¥ 


PA ,t 


201 


Definite tendency to return to stall 
Un.sati sfactory 1 onqi tudi nal control power 









REV SYW 


i 

i 



LO 

OJ 


LT) 

OJ 





4— > C 

o * r— 

CD X? 

4 - =3 <1) 
t+- 4~> 

<D T- O 

cr> E 

r— e 
03 O Cl) 


•«- s- o 

>1 e o m 

O 4 -> 

cr i o OJ 

CD <xi -v: 

x ) cnu- 

I C <T 5 t/> * — 

CD « — 

4-> 4-> X> 

r-Ojr- 

i a o oo ^ 


rtf -£I C «XJ 
O O ^ I 
CD -u> (J 
< — • i — (U l- 

aj a(D l a) 
o E aj 3 

CD O O C O 
Q 7 : h* Cl 

o o o o 


o 

— O 



O IjJ '-J 
Z -I w 
*— < ZD 4 -> 
^ CO ^ 

or 

ID O 
H- OJ 


UJ 

CO 




4_i 

4-> 

Cl 

o 

CD 

O 

OO 

'ct 

O 

C\J 

ro 



4 -J 


CL 

4-5 

<d 

o 

LO 

G 

o 

ro 

CO 




Small laq between control and aircraft 
response - not bad 
Slight tendency to return to stall 
Satisfactory longitudinal control power 










No adverse tendency durino cecei 
No pitch-up tendency 
Satisfactory longitudinal control 


WIND & 

j turbulence date RUN PILOT PILOT COMMENiS 

L n -Kts<p; (rms) m. RATING 


tO 


X >. x, 

(L) L r- 

nO c. 

4-> “O O 

to e 
3 o i 
£ <-> 


•r- 

4~* 

X 

X 


4-1 

<v 

_Q 

CD 



c V 

1 — 



•I— 




CJ 


- — 

4~> 


o 



C 

~a 


CD 


1 

CO 

no 


i — 

nO 


4-) 


<D 


t — 

n0 

o 

4~> 

o 


o 


"O 





C 


o 



CD 


4 


x 

X 

4~> 

. , — 

4,.) 


o 

XT 

a) 

4-J 


, — 

43 



X 

x 

>. 

CO 


4- 


4-1 

a> 


lT . 



CO 

JX 

a> 


1 — 

cr 

C 


4-1 

x* 

x 



0) 


co 


CD 


CD 


, — 

»r— 

to 

X) 


nO 

CD 

X 

X) 

cr 

o 

+-j 

CL) 





a> 

3 

, — 

3 


<x) 

r 

rO 



4-> 

> 

nO 

C 

o 

o 

c 

XI 


O 


a 

o 

-a 

05 

■o 


c 

-O 

E 

cr 


CO 

<u 

£ 

o 

o 

£ 

<v 



L - ”" 


4 * 

a> 

S 

X 



•r— 

na 


<T3 



X 


Cl- 


in 


C 





X) 


X> 

c 


XJ 

4~> 

>> 

r 


O 

d 

CO 

io 

4-> 


' — 

no 

>> 

i 

TJ 

c 


0) 

3 

E 


3 

CO 

X> 



4-> 


■r— 

aj 

3 

c 

( — 

r l 

V 

O 

c 

x 

LT> 

c 1> 



x> 

a) 

c 

<D 



o 


x 

O 

•«— 



o 

o 

o 

3 

o 

<D 

cr 

,_II 




aj 

, — 


cr 

4-J 

X 




4~> 

r 

X 


f " 

4 — 1 

X- 

aj 


o 

CD 

cr> 

o 

XJ 

X) 


x 


aj 

o 

CO 

X) 

CO 

aj 

aj 

cr 


x> 


x 

tO 

o 

4-> 

c 

+-> 

c: 

no 

0) 

3 

. — 

5 

4— > 

C T ' 

<u 


j> 

XT 


‘D 

c 

-X 

o 

X? 



o 


a) 

cr 

CO 

4-> 

o 

O 


X 

o 

XT 

cu 

C 


»o 


x> 

a) 

X 

r — 

X 

r—~ 

4-1 

+j 

o 

c 

a) 

X 

a 


-r ” 


4—1 

’ — 

aj 

rj 

c: 

o 


X) X 4~> I 

Xl O 



o 

4_> 

o 

X 

O 

a> 

3 

O 

to 

o 

o 

o 

o 

4-> 

X 

*f— 

o 

-r— 

-X 

1 

O) 

CD 

4-> 

o 

X 



o 

4—1 

4—1 

4- 


.X 

*' > 

X 




<D 

>, 

o 

no 

o 

X- 

cr 

o 

XI 



CD 

X 

l /» 

O 


X 

n0 

~r- 

*r- 

4-> 

o 

o 

V 

> 

o 


C I 

o 

O- 

. — 

CO 

j , ' * <_ 

■r- G) 

c 1 x 

•r- 

3 

(j 

a. 

n- O 

X _ i 

3 CD 

4-1 


Tx 

T- 

X i- C4— 

o < 

, — 

nO 

XT 

1 


gj t 

X. X) 1 

o xr 

X 

O 


r- 

XT C. 

« — CD < 

X o 

CD 

4*' 

4 — 1 


C U -o 

4-1 X r 

X 

* — 

•r— 

XT 

X 

aj 

X 

-> CL 

CD 

C. 

cr 

4-1 

4-1 X5 QJ 

cr. -X j 

f o 

O 


. f — 

c 

O x 

-r~ (O 1 

xr o 

CD 

a 

r 

o 

O O 

. — no 

4-J XT 

O 

- 

oo 

XJ 

cx 

oo y ~ 4 

O 

O 

o 

o 

'L 

0 

o 

0 

0 

0 



Q U 

C'-i 0.) 
' . — m 


Cl ai X. 

* Cvl '- J ' ^ lO 




JB 0 M//S /0 


> t A , f o r f 



REV SYM 


turbulence levei 
Sore- niteb-jo to no 


